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FOREWORD TO THE AMERICAN EDITION 


This serloe of eympoeia on oasmio r&y problems was published In Berlin 
in 1043 by Springor-Yerlag in oommemoration of the 75th birthday of 
Arnold Somm^eld. Althou^ written by several authors the ortiolce aro 
well Integrated with numerous eross roferenoea and a self oonsifltenb 
notation, and they present a general view of some of the reoont aooom- 
plishments tad outstanding problems in a bmnoh of physics which is dee- 
tlnod to attract many workors in the next few years. 

On the very day which the book was intended to commemorate, and 
before many copies had been distributed, bombs fell on Berlin destroying 
the plates and the entire stook of printed volumes. In order to make the 
material available to American physloists the present tranalation has been 
prepared. Acknowledgement is due to Professor S. Qoudsmlt who kindly 
loaned mo his copy of the Qerman text. 


T. H. Johnson 




FOREWORD TO THE GERMAN EDITION 

The inveetlgationfl on ooemio radiation have iMen sharply curtailed 1^ 
the misfortunes of the times. On the ono hand, in most physical laborato- 
ries they have taken second place with respect to other probl^ns, and, on 
the other hand, the failure of the usual cluumela of maJetia 

it difficult to obtain information as to the results obtained in other countries. 
Finally, omnprehenaive reports have not appeared in Qermany during war 
time ainoe the physidsts empbyed in war research have not found the time 
for comprehensive work of this kfauL Because of the importance of thfa 
branch of phyeics, it therefore seemed appropriate to have this* Seritt^'^'^ 
symposia bound together and published in b^k form as a survey of the 
preeent state of the cosmic ray investigation. 

These symposia were held In the years 1041 and 1043 in the Kaiser 
Wnhelm-lnstltut for Physios; they give an insist into the state of certain 
bcUvidual questions as far as is po^Ie in view of the fact that the America^ '' 
literature was available only up to the summer of 1041. In anall measure 
they contain some resuHs which have not been published elsewhere. I 
, refer to the investigations of MoU^ on the laige chowers, the oalmilations 
of lilOgge on the neutron distribution in the atmoephere, and a simplified 
cascade theory which originated from some lectures which I gave in the 
summer of 1080 in Leipiig and at Purdue University, Lafayette (DBA). 

Taken together, them contributions sliould give a unified, representative 
picture of our knowledge of ooemio radiation at about the end of the year 
1041. Ihis picture is not very satisfaotor}'. ThQ genetics of the various 
kinds of rays Is still inauffioiently clear, and the meohaniam of their 
transfonnations is precisely known only in the case of eleotrons and 
quanto. One can only hope, therefore, that the picture presented here will 
he replaced as soon as poae^lo by one which is clearer and more neariy 
correct. 

It was the wish of oil oontributois to dedicate this book to Arnold 
Sommerfold on the occasion of his 76tli birthday. Our thanks to the 
teacher of atomic physios in Qennony should be bert exprosBed by the fact 
that the ucleutifio method whiob Sommerfeld began In his Munich school 
has been continued by the younger teachers and has borne fruit. 

For their trouble in writing and oorreoting tiie papers I mint thank all of 
my associates and also, especially, the publisher, who willingly supported 
the publication of the papers and suooeesfuUy overcame oil of tiie practical 
difficulties. 


Beriin-Dahlem 
June 2, 1948 


W. HniBBNBBBa 
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INTRODUCTION 


1. REVIEW OF THE PRESENT STATE OP OUR 
KNOWLEDGE OP COSMIC RADIATION 

B7 W. HsiaBNBBBa, Berlin-Dalilcm 

SUioo the invQstdgatlona by Hesa (H 1 1) and Kolhfirater (K 8), it has been 
rooogniiad that a radiation incident upon the earth from, external space 
IndteB in the atmoephere vaiioua secondary phenomena, which raveal 
themselvee by eetting up a general ionisation oaueed by various kinds of 
elementary particles (electrons, light quanto, mesons, protons, neutrons). 
As a result, this radiation becomes weaker and weaker as it peuetrateR 
deeper into the atmoephere or the earth, until at an equivalent deptii of 
about 1000 m. of water it has practically vanished. (Cf. also the summarii- 
ing articles of Miahlnickel (M 8a), Steinko (S 18a), Stelnmaurer (S 18b), 
and in Rev. Mod. Fhys. 11, 122, 1089). To olatrify these effects of the 
HO-oalled ultra-, hOhen- or ooBinio radiation it has been customary for some 
time to divide the cosmic rays in the atmosphere into oompononte. 'Ihe 
various components differ os rogaids tlio kind of particles and their origin. 
At the present state of our knowledge one con distinguish four components. 
The oxistoQco of a fifth component, which has been noticed at vory great 
depths, is also probable, according to a few investigations, 'fhn four 
components may bo described hi the following manner. 

1. The soft radiation (cascade radiation). It oonsista of eleotrons, 
positrons, , and li^t quanto, which undei'go transformations from one to 
another in aooordance with the laws of the cascade theory; it represents the 
principal part of tiio cosmic radiation from a height of about 7 W. on up to 
vety great hdights. Hie well known maximum of ionisation at about 10 
to 20 km. is also probably produced by this electron radiation. At soa 
level tile Intensity of this component has already shrunk to a very small 
fraction of tiie initial Intensity. 

2* The penetrating radiation, 'fliis consists of mesons which ore pro- 
duced in the atmosphere by another radiation (most probably pratons or 
light quanta)'. Its intensity, aooordmg to all measuroments tluis for 
made, increases oontinuously to the greatest hoists without passing 
tiirough a maximum, although a maximum must definitely occur some- 
where sinoe the mesons as rodioaotivo particlce cannot come to the earth 
from external space. Perimps thore are different kinds of mesons, distin- 
guitiied by different values of spin moment and moan life time and makiiig 
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up the penetration oomponent with dUForent relative intonaitios at dUTorent 
heights. This component deoreasGs with inoreasiiig depth much moro 
slowly than the soft componont and oon bo deteotod down to depths of 
400 m, of water and more, 

3. The aoft eecondaiy ndlatlon of the mesons. This oonsists of oloe< 
trona, podtrons, and light quanta which arc formesd by the mesons through 
collision prooossos and through radioaotlve decoy. In general, it is in 
equilibrium with the meson component but falls off with increasing depth 
somewhat moro slowly tiian Iho meson intonsity, a fact wldoh is to bo bshoo!- 
ated witli Iho incrooHiiig hardnesH of the mosoii radiation, 

4. The proton and naatron radiation. Its inlonsity mns parallel (o 
that of the soft component up to great heists; this fact IndicatoH that, at 
least in the lower atmosphorlo layers, the proton-neutron component is 
formed to a pr^onderont dogree by the soft component. Moreover, 
strong arguments support tiie view that protons are inoldent upon the 
earth from external spaoo, perlwpe even representing the principal port of 
the primary radiation, and that, at very great hei^ta, the proton com- 
ponent is, for the most part, a piimary radiation, which there axdtee the 
meson oamponents and the cascade radiation, T^ intensify of the nou- 
trons is much greater than that of the protons, a fact which is apparently 
asBooiated with the muoh greater range of the neutrons. 

In what follows, the most imixirtant propenrties which havo, thus for, been 
discovered of the four oompononts will bo Bummariied in a ^ort roviow. 

1. Cascade Radiation 

If one extrapolatoe tho spootnim of the soft oomponent from tho heights 
at which meakiremenffl have boon made up to the top of tho atmosphere — 
the nmltiplioation and the absorption of this component is oompletely 
^omed by tho cascade theory — one obtains a fdmpio Rpeotrum; ■ For 
a long time this was regarded as the primary spectnun of the cosmic radia- 
tion. Thus if one assumos that — above an energy of about 8 to 4 • 10*oV — 
a number F(S) of elootrons of energy greotor than Ey given by 

“ 0.06 . (I) 

is incident upon tho earth, one can explain the variation of the soft oom- 
ponent with height, the maximum of the ionisation, and fhe latitude effect 
“Hhe magnetio field of tho earth outs the spootrum (1) off at a given energy, 
depending upon the magnetic latitudo, Tho largo Hoffman bursts and tho 
frequency of large showeis ore also explained iieariy oorrocfcly. 

According to this explanation the piimary spectrum (1) should contain 
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uo eleotroQB of anei^ below a given limit deteraiined by the latitude, 
whioh in our latitude, aa an example, ia at about 6 • 10*eV. Hiefle eleoUdna 
are then multiplied from the top of the atmo^here on down aooording to the 
oasoade theory, thus produoliig the moximuin of loniiation; the whole 
spectrum is dworbed exponentially but continues to keep its form (1). 

In northern latitudes the maximum is relatively anH steep, since the 
primary q)eotrum consistB of many particles of relatively low eno^; at 
the equator it is ^predably lower slnoe it ia produced by a relatively few 
Iiigh eneigy partiolea (of. the well known measurementB of Millikan, 
]k)won, and Neher, (B 82, 88, 34) and Kg. 1). At sea level the soft oom- 



1. Intonfdty of tho oosmlo nullatlon rh a funollon of Lhe thinknoM of tho air Itij’flr 
INUiMHl through, aooording to 13owiUf, Mtli^ikan and NRiaaiL Curvo B; Intomtlty in 
Madraa (8* north iruignoLiQ lalitiido). 

('urvQ A: DifToronno of IntcnaltkiR in Fort Sam Unuaton (S&6* north hUitudo) and 

Madraa. 

I)oncnt is already reduood to a small fraction of the primary intensity, con- 
Mlibubing only about 6 to 10% of tlio total intensity obsorvod tliere. 

Tho soft rays always start cascades when inddont upon matter with 
groat onorgy. 'flius, on the ono hand, large showers are formed in the at- 
mosphere, and, on tJio otlior, tho showors observed by Rossi (R 6) and the 
riofTman (H 12) hursts aro produced in solid matter. The air showors 
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whloh stem from very energetio eleotronji reaoh into greater depthe; they 
hare been observed by Auger (A 10), Ko^Onrter (K 4, Q, and their 
aasooiateB. lliey fiU a eylindrioal volume’ of some 50 au radius with 
electrons, the d^ty and the height of the oylinder depending upon the 
prhnmy energy. The observed showers arise in part from electrons of 
moie than lO^'eV. The frequency of these showers, therefore, offers n 
possibility of testiug the spootrum (1) to veiy high energiee, and the results 
confirm the value 1.8 of the exponent in (1). Aooording to Euler these 
measunanents give as exponent a value 1.8 ± 0.17. 

The Hoffman bursts in tho ionisation ohambors behind thin layers of 
solid matter are likewlBe to bo regarded as an effect of air showerH, which 
are intensified by nmitiphoation in ihe layer of solid matter. The bursts 
behind thi6k layers, however, are not immediately traceable to the soft 
oompoiient. T^ small 8how(CT observed by Bossi (E 6) behind layers of 
matto of vaiiouB thioknesses are to be attributed in part to the cascade 
oompanent and in port to the aeoondaiy rays of the mesons. 

The interpretation of the soft component as the primary radiation has 
reoently been thrown into doubt by the measurements by Soh^, Jesse, 
and Wollon (S 4, 6, 6), according to whom, at veiy great heij^its above the 
maximum of the ionisation, fast eleotrons arc present only in very small 
numbers, if at alL If these obseivations are confirmed, the soft component 
cannot be tho primary radiatioa. The interpretation of the latitude'effeot 
on the basis of a piimary electron spectrum would then have to be aban- 
doned, and it would remain somewhat lemarkable that the latitude affect 
could have been so well represented. Happily, this representation has not 
been altogether accurate. 

On the ocntraiy, it must idways be recognised that below the maximum 
of the ionixation t^ soft component has ossentially the form which follows 
from (1) by the cascade theory. This is demonstrated by the air showers, 
the bursts, and the variation of the intensity with height One must assume 
that timso oaacad e rays are excited in the highest atmoephere by another 
oomponent — fpr example, by oolUsion-iiidlation of a proton component, 
or by ooUiaion-Tadiation and radioactive decay of a meson ra^tion, 
or by explosive prooesees, which stem from eneogetio protons and lead to 
the production many mesons and many Ufjoi quanta and electrons. As 
to t^ detafis of these pTooesBOB, nothing is yet known. 

Since in bH of these prooesBes a part of the piimary energy is not trans- 
formed in the hi^iest atmosphere into oaawde radiation, the primary 
radiation must contain more enoigy than is given by the 8pootrum(l). 
Thus the latitude effect at the maximum of the ioniiation, if this is pro- 
duced by the soft radiation, must be leas than that given by the present 
theory. This proeents a difficulty which raises the question whether tiie 
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mazimum of the ionlzatioa fa really produced by electrons, and. If this fa 
the ease, throa^^ what prooeesea do these eleotrons oome Into bein^ 

2. The Meeon Component 

The mesons originate in the atmosphere; they do not oome to the earth 
from external space. 'Hiis follows from t^ radioaotlye instability of the 
meson, which has been established by a series of e xperim ents. Johnscxi 
(J 0) has oonoluded from the eest-wost effect of the penetrating component 
and from the exoes of poslUve rays among the primaries which give idse to 
mesons that most mesons originate from a primary proton component. An 
intense proton oomponent of this nature has not y^i been observed, and 
one must, therefore, assume that the eneigetio protons are rc^iidly absorbed 
in the hi^ieet layers of the atmosphere. However, the excitation of meecms 
has bem observed even in deeper layers of the atmosphere below 7 km. 
According to the observations, this meson excitation runs parallel to the 
intensity of the soft component, and It fa, therefore, probable tiiat the soft 
oomponent fa responsible for it. In addition, in this prooeas slow mesons 
seem to be proceed preferentially (of. the measurements of Sohein, 
WoUan, and Oroetainger (8 8) and Horixog and Bostick (H 8, 0)). One, 
therefore, thinks of processes, analogous to the usual pair production, by 
whioli a light quantum forms a meson pair at a nucleus. Energetlo light 
quanta appear to bo able to release explosiye processes, by which, under 
some ciroumstanoffl, many mesons are created at onoo. PL’OoeaBes of this 
Idnd liave been observed by Fuasell (F 7), Powell (P 6), WoUan (W 16), and 
Daudin (D 1) in the Wilson chamber, and the olW'vationB o! Santos, 
Pompejo, and Watoghin (W 2) and of JAnoesy and Ingleby (J 8) on the 
penetrating sliowers Indicate the same thing. 

The meson component fa weakmed on its path throu^ the atmosphere, 
on the one hand, by the well known leasing collisions and, on the otKtf 
hand, by r^ibaotlve decay of the ineMn. oplllsfaim eem'^ 
pie well known formula of Bethe (B 10) and Blooh (B 20); Fermi (P 1) hu 
reoentiy shown that these formulas should be improved in their applio^ain 
to solid matter, and that the number of ooUiaions per gm./om.* in deoiro 
matter fa somewhat less than in matter of low donaity. Purihermoro, 
Kemmor (K 1) has deduced from the Yukawa theory that the transfer of 
largo amounts of energy by mesons of hi^ energy eon take place with an 
effective oollfalon cross section which fa much larger than the oorrosponding 
Gross section for the collision of two electrons. Through such ooUfalons the 
absorption of energetic mesons fa Increased. The radJoflOtive decay of 
naesoD B takes pjaoe, aooording to the Yukawa theo^^j In jmoh a manner 
^Vthemeera bte^ up into an ri^tron and a neutrino, e^h o! whfoIT, in 
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the rest system of tlie moBon, reo^ee l^_f of j^o of ^ or 
^ut 4O lio^Q^pV hTAo Xorm of Jtlnoiio sneiar. Aooordtog to thie avafl- 
ablo axpcriraontal evictenoo, the mean decay period for mesons, at sea level 
is about 1.6 to Z6 * 10~*aeo. when measimed in the rest system of the meson, 
and it inoroafus for rapidly moving mesons, ooeoiding to time dilatation of 
the relativity theory, in the ratio of the energy to the rest energy. This 
can be domoiiatratod cxporimentally from the absorption of mesons in air, 
fitnn tho resulting temperature and barometer elToots, from the form of the 
si)eotrum hi tho low energy region, and from the number of decay elootrens, 
Tlie radloaotivo decay has l>eon direotiy demonstrated by photograi)hH in 
tlio Wilson chamber by Williams (W 12). 

The spoofa.’um of mo son a at tiieir point of ori^pn in tho high atmosphere 
Booms to follow q uite wdlTTaw of tiw forro^ 

0(S) ° const (2) 

— number of mesons of one]^ e xceeding jg] in which tiie expon^t 
y, withi n tho limits of proci^pn of ttSmeasuremen^is jf thb ao^ 
friJo^na ^t for Ap soft component (t 1.8). This follo^ , in the first 
plaoo, fitmi fee drop of m eson intmaity with dept h T w hich obeys a 2]“’ 
law in absorbing is yora up to 300 i^ofwat^ ^,^in ti^ Qeoond.plape, fi^ 
tho morgy djatnbutl^ brthe oaaoado. bursts eamit^ by mssons. However, 
at depths below 800 m. of water the absorption beoomes stronger; yet this 
does not arise from any deviation from the law but rathei’ from tho 
added absorption deduced by Eemroer. This comes into effect beoause tho 
oneigotlo mesons can transfer on appreeiable part of their energy to an 
oleotroix with a oollislon oroas sectkm whiob is independent of ttio energy; 
poriiaps there are other additional secondary proeasBes. (of. also tho work 
of Oppctilieuner, Snyder, and Serb« (O 2) and Lyons (L 12)). 

The similarity of spectra (1) and (3) suggests a genetic ration between 
UiG two spectra. It is probable either that the meson component originates 
from tho soft oompontfit, or that the soft component originates from too 
meson oomponent, or that both oampanents originate from the same pri- 
mary component. Previously, the first assumption has been taken as the 
most prob^o. If tho obasTvatians by Sehein, Jesse, and Wollan (S 4, 6, 
<3), which bdioato a secondary character of soft oomponent, arc con- 
firmed, then toe seoond or third assumption would be the more probable. 

An interesting poesibility for the interpretation of these results has bewn 
afforded by various theoretical investigations by Oppenheimer, Snyder, and 
Sei'ber (0 2), Moono* and Eosenfeld (M 6) and Bo^ntal (K 11); the theoiy 
of nuclear forces requires the endstenoo of mesons uf spin i, or of two kinds 
of mesons of spin 1 and of spin 0. From the frequency of mcson-exoltod 
cascade alioweis, Oppenheimer has concluded that tho mesons observed at 
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sea level probably have spin 0. One oan, thereforei fueumo that in the high 
atmosph^ the two kinds of mesons of spin 0 and spin 1 are generated bj 
the proton companent with oompBi'ablo probability, and that the mesons of 
spin 1 have a very short life, of the order of lO”" seo., as leqnired by the 
Yukawa theory, while tho mesons of spin 0 have the longer life obeerved 
The mesons of spm 1 are, therefore, abeorbed in the higheet atmoq>here, 
and their energy k transformed predominantly Into oaaeade rays — through 
radiation by the energotle mesons and by tho decay of the low energy 
mosons— and only mesons of ^in 0 oan penetrate to tho deepear atmospheric 
layers. Ihe future alone oan judg$ whether this Inteipretatlon oan serve 
os a \vorking hypothesis. Meanwhile, the genettos of the various oom- 
pononts of the oosmio radiation is very unoortaiu. 

3. The Soft Secondary Radiation of the Mesons 

This radiation oomprisee two oompanents: the electrons (and their oaa~ 
oodee) which have reoeived a hi^dx energy from a moBon oolMon (Bhabha 
(B 19)), and those which result from meson decay (Suler (B 4)). Theoret' 
ioiUly, for both components, the form of tho spootnim Is represented 
approximately by 

HiS) - const \ (8) 

liolh spootra, UiHroforo, bohave alike and fall off by about ono power faster 
than tho meson or the soft component. Tho Kenuner knocks process 
likewise gives a weak additional spectrum of the form JT*’*. 

'rho soft secondary radiation is, in gener^, already in equilibrium with 
Iho meson radiation after a relatively thin layer of matter, of the order of 
tho radiation unit of the cascade theory, has been traversed. Tha Tdativo 
number of knook-K^n electrons in equilibrium with the meson component is 
greater at groat depths than at sea lovel ainoo the moan energy of the 
mououK inoreaBoe with depth. In air at sea level the total ionising radiation 
is made up of 76 to 80% mesons, about 6% knook-on eleotrans, 10 to 16% 
decay olootrone, and from 6 to 10% soft primary rays. Behind thick logrers 
of dense matter praotloaily all of tho contribution of the decay electrons 
disappears since thouu formud in tlio air aix) fdwori^od, but in. tho relatively 
sliort distances in douse matter no new ones oan bo formod. Theorotloally, 
Uio numbor of knock-Km oluotronH in oquilibrium in matter of high atomic 
number should bo greater than in substanoes of low atomio number. 

Since the soft scx^ndaiy rayn of tho mcBOns behave like tho soft primary 
rays, they also piixluce sliowurH luid bursUi. At sen level, however, proc- 
tioally all of Um largo Hhowers or bursts aro lu Im aaoril)od to tho soft 
primary rays, sinco tliu sijwtmm of tho soft socondniy rays falls off much 
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fftiter and| thorrforo, ttmtalna feffor ©lergotio oleotrona than tho primaiy 
apflrtrurii. It ^ different behind thick layore of dcmso matter. ■ Horn tho 
primary Bpeotnim can no longor play a rdle, and the burata atill obaorvod 
them are to be attributed, according to Opponhoimor, Snyder, and Serber 
(0 2), to such prooeesee os that invostigatod by ICommor (IC 1). Tho 
frequaicy of tho observed bursts falls qualitatively In lino wltli this 
acBumption. Moreover, tho oolllfllon procoflww nfwiimod hero are of Uio 
kind in which the radiation forces of tho Yukawa tliooiy must piny a 
dedstve rdle, and the applicability of the usual form of tiio quantum Ihnoiy 
is very problcsnatloal. Oao must, theroforo, rookon with tho ixwrihilily 
that in a burst a number of mesons aro oxcitod simultnucoiwly, as is plnus- 
Ible when a strong Yukawa radiation is omlttod. One miglit thon Iw abb 
to cope with the truly eocplosivo ahowere, whloli Room to Ira of common 
ooourrenoe as already demonstratod not only by Uio Wilson photograplis of 
Fuasell (F 7), PowoU (P 6), Wollan (W Ifi) and Daudin (1) 1) but also by 
the ooinoidGnoo measurements of Pomixija, Santos, and Watnuliin (W 3) 
and of Jdnoasy and Ingleby (J 3). 


4« The Proton-Neutron Component 

Johnson (J 9) has enunciated and givon supporting ovidono<] fur tlin 
hypothesis that the moeons aro generated by a primary proton compniioiil, 
a^ the observadems on the secondary ohorooter of the soft oom|Kmrnl 
suggest that tho whole phenomenon of tho oosmio radiation is U) bi^ 
attributed to a proton oonstlUitod primary radiation from oxtomal rimkws 
I f one adopts this hypothods— and only future oxporimonts can give tliu 
matter final olarinoationr— Uion ho oan mako tho following assumption 
about the primary proton component: With regard to Its energy distribu- 
tion, the primaiy proton oomponoit is givon by a spootrum of Iho fnnn (1) 

- const (4) 

where the oemstani is oertainly greater than that in equation (J). Tills 
proton component is transfoimed in tho highest atmospliero Into oUuir 
oomponents, and even at a heifi^t of 20 km. most of Its onorgy Is already 
to be found in tho soft and in the meson components, (1) and (2) rDH])oc- 
tively. The form (4) of tho spectrum should be suffloiont to explain Urn 
oorre^ionding form of spootra (1) and (2). This primary proton spootniin 
is apparently strong absorbed in the atmoephero sinoo, at the groatwl. 
hd^te vdiere protons have thus fw boon sousdit, only a relaUvoly woak 
preton comp<ment has been found. The basis for this strong absorpliun 
must be soui^t in nuclear proceeeoe and in radladon by eollislon. It may 
also have been establiahod that neutrons are nef to be oonslderod as primaiy 
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ooflmlo ra^ra sinoei ftooordkg to tho theoiy of /S^leoay, they are radioootiyely 
unstable. Howertrar, the disintegration of neutrons has not yet been proven 
experimentally. 

From the greatest heif^ta down to sea level one finds a relatively weak 
proton and about a 100 timoe stronger neutron component. Theee rays 
are not direotly oonneoted with the primary radiati^ Their intmsity 
varies witii Ihe height in eomot parallel with the intensity of the soft com- 
ponent, according to FQnfer (F 6) and Korff (K 0), and it can, therefore, be 
regarded, ezoept in the uppennoet layers of the atmoq)hore, as a seoondary 
radiation of Ike soft oomponait. number of neatrans Is oomparabla 
with the elootrons of this component; that of the slow protons is smaller by a 
factor of about 100. Simultaneously with single proton tracks, frequent 
nuclear disintogrations in which several (up to twelve) nudear fragmentE 
have been thrown out of the nucleus, have been observed on photogr^hio 
plates exposed at great heights (Blau and Wambaoher (B 26), Bohopper 
(S 12)). Here one has to deal, apparently, either with prooesses by which, 
peih^M through primary li^t quanta, energetic protons and nmtrans are 
thrown out of the nucleus, or with secondary prooesses, vdiioh tiiemselvee 
are initiated by fast heavy particles (Bagge (B 1)). It is also natural to 
associate those prooesses with the creation of mesons and to aasumo that an 
explosive process is set dif in the nucleus by a photon in \diioh mesons and 
heavy particles are shnultanoously orcated and that these, in turn, oan 
summon up other secondary prooesseB in the same nucleus. The assumption 
that the mosons in the middle atmoi^here and the heavy particles are 
created by the same process, and frequently in the same act, is compatible 
\vith tlie frequency of the nuclear processes and of the various kinds of 
partidea (Baggo (B 1)). The photogn^bs of Fuasell (F 7), as well as 
basic principles, support the statement that the meson produotion is, fOT 
the most jiart, tied in with nudear processes. Yet the expoiimantal evi- 
donoo now at lumd is not suffldently oondusive to settle this question. 

The absorption of the neutron-proton component takes place quite differ- 
ently for the two kinds of particles, The protons, if they do not have a 
very high initial eiieigy, are rapidly slowed down by ionixation. The 
neutrons, on tho oontraiy, ore absorbed by nudear procosses or, more 
frequently, they are slowed down by nudeu colUsionB until finally they 
are cauj^t ns slow neutrons in such nudd as, for example, ^ or H. 


6. Other Components 

Tho mason oomponont can be followed down to depths of more than 
400 m. of water; in tho greater depths it becomes weaker rdatlvdy fast 
But oven in 1000 m. depth of water an ionUation caused by cosmic rays 
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oan be deflni^ donaonstmted (of. for example, the investigationa of Clay 
(C 4} and his aaaooiates). Menmiramenta by Bamothy and Forro (B 0) 
indict that boro the ionixation ie produoed prinelpally by a soft radiation. 
If this is oorreot, the result oan be explained by the assumption that the 
oosmio rays are oarried to these depths by a now eleotrioally neutral oom< 
ponent; as the carrying agent, one oan mvoko a neutral Yukawa partiolo or 
a Pauli neutrino. However, these questions oan be answered only by 
further measuremeata. 


CASCADES 

2. THE CASCADE THEORY 

By W. Ekskniihro^ BorliU'Dahlem 

In pasaiiig through mutter oleotrona and posibrons oxoite light quanta; hi 
tlieir pansage througiL matter light quanta oxoite elootrous and positrons. 
In the Interplay of theeo prooesses the energy of a fast particle dlvideB Itself 
again and again into a largo number of slow partiolee; a cascade is genei^ 
ated. The multiplication and abeorption of the soft component and the 
formation of showers and bursts are founded upon this proocss. The fol- 
lowing sootion- will present by deductive reasoning the mathematioal 
theory of cascade formation. Comparison with experiment la left for later 
sections. 


1. The Blementuy Processes 

a) RadlatUm-byH^tUsion. If an eleotron* flies past a oharged particle, 
it \dll be defleotod from its original direction of flight. With this d^ection 
there is associated a transfer of energy to the doflooting partiole. For 
cleotrons whose velocities differ appreciably from that of li^t this is the 
most important cause of their retardation in passing throu^ matter. 
The principal r61o is played by the outer elootrons of the atoms, and the 
usual result Is ionisation. This kind of energy loss will bo (jailed "ionisa- 
tion^' for short. 

In tho case of very fast electrons another energy-losing process bocomea 
more important than the ionisation; i.a radiation-by-colllslon. With the 
change of direction of tho eleottren's path there is aasooiatod a change of 
tho electro-magnetic fiold in tho electron’s vicinity. Therewith the rfectron 
becomes the starting point of an doctromagnotio wave, or, according to 
quantum language, there are emitted one or more light (juanta. The 
probability of this process has been oaloulatod by Sautor (S la), and by 
Bothe and Hcatler (11 16). Tho offoctive oroes-section dQ for the cmiasion 


*The following text was oompoeod by C, F, v. Wdisaokar oftor s lymporium by W. 
Heisenberg and with the use of a deriration by D. I^nH. TSxtanslTB ealoulatlons by 
H FIttgBO and O. Molldro woro also usod. 

. "UnlM staled to the contrary wo will undomtand by Iho word etodron both the 
I)aBlUve and negative pariiolof 
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of a light quantum whoeo energy llee between * and A: -f d* by on eleelrou 
of eneigy B paasbg by a nuoleus of charge Ze is 

+ smaller (I) 

Slnoe the effective oroes seotlan is proportional to Z*, the offoot of the atom 
nuoIouB must be oonaidered as large oomporecl ^vitli that of the orbital eioo- 
trona, exo^t in the case of the very lightest domants, whioli ore not of pa^ 
tiouliu' Intarest In rdation to the ooamio raya 'fho effeot of the orbital 
electrons oomoa into the abovo formula only in tlie logarithmlo term; this 
term owes its form to the oaloulfltion of the external soroonlng of the nuoloar 
field by the method of Thomas and Fennl, 

The factor in brackets in (1) has the value 4/8 for Aj • 0| 11/13 for 
It - J5/2, and 1 for iT « B. Only a small error is introduced if it is always 
written as unity. This appreximotiem will bn uned in what follows; tiie 
orrCH' is less than that of otiier (qjproxlmations to be mode. We obtain then 
for the number of light quanta in the interval dkt wliirh an nlcxitroii of 
energy B 5S> me* oxdtoR by oollWon altmg a path interval dx: 

dnW - - ■ T- 

Xo It 

Here tlie length Xi, designated as the radiation unit, is defined by 


Xo lie \mo / z ^ 


W is the number of soaUering atomic nuclei per oo. From now on all 
lengths will bo measured in radiation units. If lengths moosurod in radiv 
tion unitK are doaignatod by the letter {, ISquation (2) tokee tlie slmpln 
form 

dti(jk) * df • y. (4) 

The i^oiprooal of the radiation unit iuorooses nearly quadratioolly with Iho 
atomic number and linearly with the density of retarding raattor. 
For lead the radiation unit is 1/2 oin.| for air over 800 m. A table for 
vaiious substaneeB is given in the following chapter by G. Molihro (p. 33). 

Tile radiation unit is the distanoe over wfaloh the energy of an elootroa 
decreases on the average to 1/e of its original value. The mean energy losa 
per om. is 


^ „ _L f* . ju „ 

dx Xt Jo h Xt 


aiiH 
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One oan say: the number of 14^t quanta lying between k and k-^dk iridoh 
are exdted along the unit path x% ia proportional to 1/kj while the total 
energy, proportional to A: • 1/A, is ^ same for quanta of aU energies. That 
ifi to say, all energy loasee are about equally probable. Slnoe the energy loM 
per unit path hj ionintion is praotioally independent of the primary 
energy, one understands tl\e dpminanoe of t^ oiergy loss throu^radiation' 
by-ooUision for high primary energies.. 

b) Pair formation. In. passing through matter ll|h^ quanta whpoe 
energLes are not large compared with nu^ loee energy by the Oompton 
effect and tlio photo-eleotrio effect, Le. by oolUsiona with electrons. 'Rxe 
li^t quanta of the ooemio rays, on the contrary, lose their energy predomi- 
nantly by the formation of electron pairs. This prooeas bearB a certain 
analog to radiation^by'^Uiaion; according to the Dirac theory of positropB 
it oan be regarded aa ^ inYerse of the oolliaiQn radJation proceaa In radi- 
ating by oolUslon an eleotron in passing near a nucleus makes a transltloD 
from a state of high energy to one of lower energy, In the inyerse of this 
process a light quantum in passing by a nucleus (which is necessary 
for the process In order to take up the excess momentum resulting from Ihe 
conservation laws) is abeorbed by an eleotron, which then goes to a state 
of higher energy. Pair formation comes in tiien when the absorbing 
eleotron is originally in one of the poeeible negative energy states of the 
Dirac theory. As long as Its energy was negative, this electron belonged to 
an infinite density of deotrons of negative oiergy and, according to the 
assumption of Dirac, could not exercise any physioal effect. However, If it 
receives some podtivo energy, in the first plw it becomoB real, and, in the 
second place, the remaining gap in the distribution of eleotnms of negative 
energy spears aa a positron. 

The effective oroeB section for the excitation of an deotnm pair for which 
one electron has the energy B (the other has energy A — £) by a light 
quanta of energy A is, for A ^ me', according to Bethe and Heitler (B 10) , 


dQ 



(7) 


+ smaller terms. 

The bracketed factor equals 1 for 5 " 0 and i? " Aj It has the value 2/8 
for E > A/2, Therefore, again, one oan take it as a constant without too 
great an error, Le., jjaHume that the primary energy is divided between the 
two electrons in all ratios with equal probability. If the formula is Inta- 
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grated over S and multiplied by y, one obtains for the probability that 
one pair Is prodnoed by a light quantum on the path hiorement dx or dl 
reepeoUvely 




whero 7/9 is abbreviated by S. 

c) IbnltttkMi. Thmij^ iho interplay of radiation-by-oollision and 
pair formation a oasoade is generated by an eneigetlo primary particle which 
oonthmee to grow until the enorspes of the cwmponont poridoles become too 
anall. The limiting energy is defined ns that at which the morgy lost by 
ionisation begixua to prodominato over that lost by radiation. Thus, if on 
eleotron produced by pair formation has so little eneirgy that on the next 
radiati on unit path len^ Xo which It traverses It loses most of its energy by 
ioni»ti(Hi, then its further contribution to the cascade is to be noglootcd 
within the approjdmation of the present calculations. We considor, there- 
fore, that the oasoade development is broken off if the energy of the oloobron 
ie equal to the eneigy lost by kmiaation per radiation unit of distance. This 
wo win call Ej, In the simple iq>proximation wo assume that, for E > Ejt 
the ioniaatlon loes can bo nej^eoted, whUe for 5 < Sy, the radiation loss Is 
. nefi^ii^le. More precise inveetigationB by Arley have shown that, with 
this iq)proximation, errorfl up to 60% can bo Introduced. 

Thus wo may write 



The ionisation Ipes per cm. is proportional to the number of electrons per 
0 . 0 ., or to Z, whereas Xo la invers^ proportional to Z*. Therefore Ej is 
nearly proportional to X/Z. An approximato interpolation formula 
ie 


Ej 


lOOOfnc* 

z • 


( 10 ) 


A table of Ej la given in the following chapter by MoU6re (page 33). 


2. The Fundamental Bqoattons of the Cascade Theory 

We now oonsidef the foimation of a cascade. We simplify the oaloula^ 
tion by the assumption that all particlee are emitted exactly in the forward 
direction so that the number of portiolee will be oonsiderod as a function 
only of tile pc||th tiaversod and not of the angle of deflection os well. The 
angular scattering ie dealt with in the next chapter by Q. Mollbre. Our 
procedure oHoeely parallels a trratment of Limdau and Rumer (L 2). Wo 
introduce' the following symbols: 
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FiSfC) M numbor of eleotrone of oq energy >S at dietaaoe I from the 
Batting point of the oasoade, 

0{B^ « number of light quanta of onergy >S at distance I. 

The numbers of eleotrotns and of light quanta between the energiee £ and 
B dBm then giveui reepoetively, by 

/(B,W8 - 

f 

j(B,0d8 - 

If theeo partlolos travorse the path eegmont df, the number of eleotrous is 
changed aooording to the equation 

F{B,l + <fl) - (13) 

where is the number of electrons ^diose energy drops below B 

along the segment dl because of radiotiim losses, and is tho 

number of deokons of energy groator than B which appear on thu Bogmont 
by pair formation. Sinoo an deotron of onergy B’ > B loeee an energy 

f'’ 

greater than B' — B with the probability dl I dkfkf then 

dB'fiK'.l) ■ dl ■ (18) 

On the other hand, a light quantum of energy B* excites, aooording to (8), 
2 hdl electrons whow energies lie with oqual probability in the range 0 — 
Here we aro interoetod, however, only in the fmoUon which lie in the rango 
E to E\ Therefore: 

<»'(S.0-ir ■= /"dS'iKB'.O • (14) 

Analogously wo obtain for tlio change in the number of lig^t quonta 
0(g,J + d[)- a(J£,l) ~ I - dl 4- £ dB'Jl^B’.ti • dl * (16) 


If WO introduce dF/dB and 90/dB in (12) and (16) in plaoe of / and g, 
divide throu^ by dlj and tranafonn the resulting OKpreesionB by partial 
integration, whereby It is assumed that F ** G » 0 tor B* ■** « , then we 
obtain tho fundamental oqiiationa of the oasoode theory. 
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+ 2» CKfi'.DdS'^. ( 16 ) 

2^ - -» . O(S,0 + /J" 

3. Solntlon for a Power Spectrum 

Tbe iiitegro*diffQreiitial equations have two properties whioh make It 
ee^ to find a special solution: (1) tbey are linear in F and 0 so that the 
sum of two Bohitions is also a solutioni (2) they are homogmeons in E and 
B* 00 that one oan write 

f-e (17) 

and obtain an equation depending only on f and I 
We write F{Efi - F(f) • B-, 

8 > 0 (18) 

QiBfl - 0(0 . IT'. 

and obtain for ^(2) and 0(J^ the differential equations 

^ - ;»(J) - -^,)P(I) + a< 

[ ( 19 ) 

^-0'® _ -8O(0 + ^£fi. , 

These equatians no longer depend upon ^ Therefore, if a power apeotrum 
obtains for 2 -• 0 It will also have the same form for aW values of L a(s) is 
the following Integral: 

“ f (r " ^ 

C »> 0.677 is the Baler constant, ^ is the logarithmic derivative of the 
gamma function* 


- “logr(i + 1). 


f also has the propvty that 


^ + i)-(K») + f. 


( 38 ) 
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Also H is noted tbat 

cKD-l, <r(3)-i 0(8) 

and 

Hm o(«) •- log 0 .+ 0.577. 

In order to solve equation (10) we write 

’ F(f) ~ \ 

<j(I) - b,«-' + 6.*-'. I 

When gubstituted in (10) this givea the oonditionBl equivtlona 

[,-»(.)]a + j^i.-0,) 


whioh give the ralatlona between Oi, bt and ki or ot, bt, xi, reepeotively. 
It f oUowB that 


“ - f(« - x), 


with the double solution 

O' 




The following table shows how the solutiona run: 


t 

0 

1 

ea 

Ki 

+ ® 

1 + 8 

log - + 0.877 

Xi 

— ixt 1 

0 

8 


If one expreeses a in tenns of h and x it ie found that 

Fit) - 6,s(a - x,)0’-* + 6.0(8 - xOe '-',1 

[ (38) 

0{t) - 6i0-'‘* + 6,0-“'. J 

Intuitively, our result has the following meaning; The number of partiolee 
in a oasoode which initially has a power speotrum is given by the sum of 
two exponential functions. Of the two exponents, the latger, ki, la always 
positive; the oontiibution represented by It, ther^ore, decreases oontinu- 
ously with inoreasing I and always at a greater rate than the other oon> 
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tribuiioa. It repraBents the regaieratiye prooesees whioh oome into 
prominenoe if the ^tive numbers of eteotrons and photons are not initiaDy 
the same as would exist in a aelf-oonstituted completed oasoade. f!or 
example, one oan repreeont a oaeoode which, initially poeseeaes only eleotnma 
and no photons if one writes bi « —hi. To the rapid decrease of the terms 
with it] there then corresponds an increase of 0{t) with I until tho first 
teim has became vanishingly small, and then the course of 6^ is governed 
by the Booond term only. xi la negative for « < 1, poeitlve for a > 1, and 
lero for « «■ 1 . The value of the exponent determines whether tho number 
partioiofl in the oasoade biereases or decreases. This is tho physical slg- 
nifloanca The energy content of the oasoade as a whole is 

s* - / y(B) + ~ / B-‘dE. (20) 

This integral divorgijs logarithmically for s 1, it diverges at the uppor 
limit for « < 1, and it diverges at the lower limit for a > 1. The divergence 
at the lower limit is physical without significance sinoe actually the oas- 
oade spectrum stops at Ej, A cascade with i > 1 has, therefore, a finite 
energy content, which must gradually beoome exhausted on account of the 
constant loss with inoreoslng I of those partides whoee energy is less than 
Sj, On the other hand a oasoade with s < 1 would have an infinitely large 
reserve of emergy in tho high range from which a given energy interval would 
oontinuously gain more than it would kwe to the lower range. In nature we 
naturally have only oasoades with finite total energies, i.e., spectra with 
a < 1 cannot extend to arbitraiiiy large energieB. After an initial inereaso 
in the number of particloB there must be a suooeeding deoiease. The pri- 
mary spectrum of the cosmic rays con apparently be represented in good 
i^proxhnation by a power law with < 1.8. oosmio rays in the at- 

moephse must, therefom, be a oasoade with the number of partioles de- 
(neadngexponenfially with depth Aooordmgto (27),for« — 1.8, ici » 1.74 
and ■■ 0.46. The final deorease must, therefore, be represented by a"®'*®* , 
le., a doarease to the cth part every 2 radiation units (3/4 m H«0). For tho 
soft oomponeint below the maximum this oondituxi is rather well satisfied, 
a fact whioh thus oonflims the cascade oharaoter of this component. Tho 
faot that a maximum of the intensity occurs in the high atmosphere must 
bo attributed to a deviation of the primary speotrum from the power ohai^ 
aoteristlo. A satisfactory explanation is already offered by the faot that 
charged partidos of leas than a certain energy cannot penetrate the eartii's 
magnetio ^Id. Aeoaitling to recent investlgatms, moreover, tho primary 
ruys appear to consist not prinoipally of eleotrona but of protons; b^oe, tho 
oasoade theory, in the form develop here, is to be applied only to that 
part of the radiation whidx definitely oonstets of electrons and light quanta 
i.e., to the soft component from the maximum on downwards. 
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. 4. The Fonuatlon of a SlnitLe Caicade 

We now aband<m the aaeomptlon Ihet the apeokum originally haa the 
power eharaoterbUo and oaloulate the building up of a oasoade whieh ia 
initiated by a sin^e electron of a given energy. In thia we follow the 
attack of Landau and Earner (L 2 ). 

We introduee two new funotiona of the panuneter a throu^ the equationa 


bM - f dEeg^E, a. 

•'o 


Ihese funotiona have the same aignidoanoe in the resolution of the funotiona 
SilSf) and g(JS,0 into a power Bpeotrum aa Fourier coefEoienta have in 
tho resolution into trigonometrio funotiona. The new funotiona /(a, I) and 
0 (a,O satiafy the same difTerential equationa aa our earlier funotiana F({) and 
G(0, i.e., tho equation ( 10 ). Aooording to (28), we can, therefore, write 
down the solutions immediately: 

/(«,0 - h,8 • (5 - «,)«—' + M • (8 - 1 


B(.,0 - M*"' + M“''. J 

lioro it ia to bo obeervod that bi and are funotiona of tho parameter a. 
If, initially, {I - 0), no li^t quanta are presont, then 

- b(a). (32) 

If at tho start there ia just one deotron present with energy £o, then the 
inoident apoolrum can be doacribed by 

- 0) - 6(E - So). (33) 

Tiio fimotiou {(*) here signifies the Dirao singularity function whicli is 
doflnod by tho two cciuationn 


6{x) =>* 0 for « 0 , 


j 6{x)dx 1 for any i. 


( 34 ) 


Thorofom, 


/(a, 0 ) = K. 
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!From (81) it follows that 


w- 


•(<1 ”* *■) 


This put baok again Into (81) glvea . 

/(«,0 - + (i - 0»- 

<1 l*B 


•(*1 


[-O'-' + «'*•']. 


In the bmoketed fwobon we can nofi^eot the term in 0 '*''. Sinoot initiaUy, 
only one partiide la preant, and ki Is always positive, this term la always 
leea than 1; on the oiWluuid, we are Interested in actual showers where the 
number of particles is large compared to 1. 

We hitroduoo the. following abbi^eviationa. 


S • /(B,0 - J 

and obtain from (87) by nee^eoting and from (80) 


Ja iCi — iti 


We will now cany through an approximate oaloulatian to determine ^ 
and/ reapeotively from this integral equation. Hie integrand has a sharp 
maximum at a vahie of y which we designate as y.. As we will see later, 
this maximnm is the steqier, the luger Ihe number of particles that aro 
fonnad. is determined from the condition 


(S). - * " 


We develop M) in tiie ndi^oihood of the maximum (saddle point 
method): 

if(n) ~ y- p(3iJ> - «». + *»>"&(.) (11 - ifJ’. W 

taking into account only the terms included above and integrating from 
^ eo instead of from 0. Thus we obtain for the integral the approximate 
expressioai. 
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Of by Ulring the logwithm ; v 

iKifJ - V- + nrf ^ («) 

in whloh 

• (^^^)*]- (44) 

We now drop the indei itu Differentiating (48) with reepeot to i we 
obtain, together with (4S) itself and with (40), ibo three equaticDB 

I. i^CviO - «y + «■(«)* - x(«iy), 

n. 

m. 

dy 

Before we solve theae equatioDB let us picture to ourselves their meaning. 
The original equation (SO) holds for all values of a. The equatiana (48) 
now relate each value of a to a given value of y. The equation (46, IH) 
means, for instance, that y is that position in the spectrum where ^(^,0 
behaves as a funoticm of of the form S~\ From equations (II) and (IH) 

we oan oomputo a as a function of y and I We Imow in this way with 

what power of B the function F may be ^proximated at each position I 
and in the vidnity of each energy value E, If we put this value of a in (I), 
wo then obtain on expression for itself and oan thereby also calculate 
/ and F dirootly. Sinoe in the end we wish to know only F, we will not 
calculate a, Wf and / explicitly but oonstruot the ri^^t combination of these 
vahies immediately. 

x(a,v) as a logarithm is slowly variable with a. We, therefore, nee^ 
the i^t side of (II). When we differentiate (II) with reepeot to a we 
obtain 

^ + sniall terms. (46) 

By differentiation of (III) with re^MMb to y and by taking (46) into account, 
It followB that 


8V ^ aa ^ 1 

iy* " ay " 


Ibis we introduce into (44) and obtain 




( 48 ) 
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And 

a» «*“*!, - «, ^24’’ 

wbiob, when introduoed into (4fi II), roeulta in an equation for «. 

In the following wo hiteroBt ouraolves in tho total number n,f (Q of eleo- 
trone in a oaeoade after travereal of a layei’ of matter of thloknoee Z, 


n.,C0- W)- r mOdS^ 

¥ B i 


(W) 

^ BJ 

whore 



1 St 
yj - lofi^. 


(61) 

For B ^ yj ^ 5. increases rapidly with y; we can, therefore, 

write with good {q>proximation 

».i(0 - / • e*Pr»>to/.0 + (1 

y <V - »/)] 



r' f / J 

(62) 


Aoooidhig to (45, HI) (d^/5v)«, *** a(£/ 7 )Z). Since • is of the order of 
magnitude of 1 and y is appredably greater than 1, we can neglect in 
Batbraotoiy approodmatlan tho second term in the factor and obtain 

n.,(Z ) m 

S. Svaluation of Results 

a) The PoaitLcm of the Cascade Maximnm. ^e number of elootrons 
of a oaeoade must at Arst inorease and then deoreoao. We deeignate by 
the value at which the number reaches a marimum, a(y/,Z) is a slowly 
varying function of I Therefore, the maximum of n,i (Z) ooinddcB approxi- 
mately with that of Finally, there is not mudi importance to be 

attached to the precise value of ainoe the fimotion n,i passes through a 
very flat maximitm^ We, therefore, postulate 

(^).^ - “• 

From (45, 1) one gets, by neglooting the right side, 

8 J •'fli ■ s$ *«• 


(6B) 
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The sum of the firtt and laat terma of the rl^t aide of (65) ist aooohUng to 
(46, n), about equal to aero. 'Hierafore^ there ramalzifl 

*. (CJ “ 0. (66) 

Aooording to (27), this means that 

- 1. (67) 

This is to be intuitively interpreted as meaning tha4/ ae long as a < 1 for 
5 "■ JV/ the number of partioles ocmtinueB to inorease, but when a > 1, 
the number deoreoses in aooordgnoe with the results of the pure power 
apeotrum. The region near Sj, however, oontributee most abundantly to 
the number of partioles of the whole oasoado. For s «« 1 

ii - 1,78, if, - 0, iti - 0.98, Ki' - -1.41, Ki'' - 2.M, (68) 

^ - +»-e- 

If we put the above values in (46 U), and, in line with the adopted approxi- 
mation, negleot the r^xt dde, it foUows that 

1.02 log#. m 

b) The number of Electnuui and Light Quanta at the Maximum, 

From (48 1) it follows that 

- [nr/ - + X(»)]..1 - IT/ + log 0.18 - log (ao) 


WhOQOO 


n«|(/ntz) 


0.13 ^ ^ 
(UlO* 


( 01 ) 


While therefore, ohangos only logarithmically with tlio initial energy, 
Uio siso of tho cascade at the maximum is proportional to the mtio of the 
initial lo Iho ionisation energy. Both ooiiolusions were to bo expected 
intuitively. The distance of the maximum from tho storting point Is 
proportional to the number of oolliaiona required for the initial energy 
quantum Xo to divide Itself into quanta of the order of magnitude F/. Since 
each collision about halves the energy the number of oollisions is propor- 
tional to log (Ea/Sj). . On tho othor hand, the sixo of tho oosoade at the 
maximum is given by tho number of qmuita of siu Bj into which Bo can 
he split 




w. iuuEonrenQ. 


' '^(dioi to (17), tha ratio of iboDumlMr of U^t quanta to the number 

Sl,“ .(8- *J W 

Bflt ^Kenuudmuni • - 1 and *1 — 0 bo, beoaiwo i - 7/9, 

n,Cnua) « fn.,(mHX). ( 03 ) 

c) Ap|xi»dm«ilon ToimuUe for thoDerelopmoiLt of a Cascade. Aoooid- 
in|to (88) and (46 1), If we abbreviate y/ withy, 

n.,(i) - (6411 


- «y - *»(a)( + x(«). 


Aoooidlng to (48 II) 


V ~ »t4(a)i - x'C®). 


?or Ki and xM now mako tho approximations, which are suHkdentiy 
predse in the interoBting rango 1 ^ 3: 




- I - - |log( 


a - 1.4. j9 « (K6fi. 

Ftom this it follows that 

« - (^)‘- <«) 
and 

*.■(0 - (y^y • ^ • e -'”'"-'-'*'''-. { 09 ) 

'nie eanntial part of the exproBslon is Lho exponential footor. The whole 
acprevkni is valid only for largo values of 1 . In this case tho root in the 
exponent predomlnatea with increasing I, and tho moro so the larger y is; 
the number of eloohrona then inoroasce exponentially. Finally, however, 
the term --I desninatee the expccaalon, and the oosoodo is abeorbod as e"'. 
For. the light quanta, according to (02) and (67), It follows that 


1 ~ I*' 
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At the start of the cascade there are about as many li^t quanta as diec^ 
tix)ns; from the maximum on, the light quanta become more and mor^r 
predominant. - • , r 

d) The Number of Electrons With E < Ej. Accor&g to Arley (A 5), 
one can make the following evaluation: We assume that after an electron 
has reached the energy Ej it radiates no more but loses energy only through 
ionization. Since Ej was defined as the point where, according to a more 
exact calculation, the loss of energy by radiation was equal to that by 
ionization, the electron must continue its course for another radiation unit 
before it has lost aU of its energy by ionization. Since ttie energy drop by 
ionization is proportional to the distances covered, the electrons wbffi 
have energy E < Ej have, therefore, traversed a fraction 6=1 — E/Ej 
of a radiation unit since they had the energy Ej, Thus it follows that 

KE,r) dE dE • \ 

0 for Z < 1 

If we develop / in the vicinity of I one finds 

f(E,D = - * fj log (72) 

We constmct the number nfi of all electrons under Ej: 

mDdE « Ejf(E,,t)\l - ||2log/(£?.r,o} 

(73) 



i- 

Ej 

i- 

Ej. 


With the approximation used above, this leads to the formula analogous to 
(53) 


= (i- y I- 


In particular, therefore, at the cascade m a xim u m (s = 1) the number of 
electrons of energy under Ej is about as large as the number of electrons 
above Ej. 



3. THE LARGE AIR SHOWERS 

By G. Moli^:re, Berlin-Dahlem 

In the foregoing chapter the cascade theory was presented in so far as 
it had to do with the actual development of the cascade, i.e., with the 
multiplication of particles and the partition of energy. For this purpose 
the angular scattering could be completely neglected and the calculations 
carried out as though all cascade particles preserved without deviation the 
direction of the original particle which unleashed the cascade. The recogni- 
tion of this angular scattering and the computation of the angular and 
spatial distribution of cascade particles induced by it require an extension 
of the theory which is to concern us in the following treatment. The most 
essentia application of this is in regard to experiments which have to do 
with the extensive showers as the most important cascade phenomenon. 
(See the final section of this Chapter, p. 37). 

1. Qualitative Picture of the Shower 

Before we engage in the calculations themselves, let us attempt a quali- 
tative picture of the cascade showers: The complete neglect of the angular 
deflection represents the characteristic starting point of most theories, 
and the shower is regarded as maintaining the precise direction of the 
initiating primary pai*ticle. However, it cannot be said that only small 
deflections occur; for example, in cascade showers in lead, large angular 
divergences may occur throughout. For the progressive development of a 
cascade from place to place the greatest importance attaches to the rela- 
tively small number of particles of high energy, which have practically no 
angular deflection and are spatially concentrated in the dense core of the 
shower. On the other hand, the particles of low energy, which are present 
in superior munbers and contribute in largest measure to the spatial and 
angular expansion of the shower, play only a small part in the further 
development of the cascade. As the shower progresses from place to place, 
these lose their energy rapidly and completely while, simultaneously, 
through cascade processes new particles of low enei’gy are supplied from 
the core of the shower. This goes on until the energy reserve in the core is 
spent. From what has been said, it follows that the spatial and angular 
widths of the shower vaiy only slightly along the path of the shower. The 
number of particles passing through a surface of unit area is very great at 
the core and even approaches infinity at the center; towards the outside 
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it f alia steadily off, and coiresponding statements also hold for the angular 
distribution. 

2. Previous Calculations 

Euler and Wergeland (E 8) were .the first to attack the problem of the 
angular and spatial distribution of particles in' a cascade shower. This 
work gave the main features of the relationships in showers; in details 
their results can, on the whole, be improved quantitatively and, in part, 
also qualitatively because of their neglect of various effects the influence of 
which has been estimated by the author. These are: 

a) the neglect of the large statistical fluctuations of energy loss suffered 
along their paths by the shower electrons through the emission of quanta 
by collision, 

b) the neglect of the contribution of earlier generations to the deflection 
of shower particles of later generations, 

c) the assumption of a Gaussian function for the spatial and angular 
distribution of Idle particles of equal energy in a shower. 

For calculating the mean square of the spatial and angular deviations 
in a shower, a method in which these factors are not neglected has been 
given by L. Landau (L 1); however, the numerical results of this author are 
incorrect because of computational errors in the numerical data. The 
form of the distribution function was not investigated by Landau. We 
have, therefore, repeated the calculation of Euler and Wergeland by a more 
accurate procedure, which is to be attributed in part to Landau. (Molifere 
(M 4)). The most important results of these calculations were a greater 
spatial extension of the shower by a factor of 3.4 and, at the same time, a 
stronger branching of the core of the shower than was given by the work of 
Euler and Wergeland. Similar results are also contained in a note by H. A. 
Bethe (B 15). 


3. The Source of Angular Scattering 

Practically the only source of angular deflection of the shower particles 
which has been taken into account by all authors is the Rutherford scatter- 
ing of the shower electrons in the electrostatic fields of the atoms. The 
mean square of the change in angle which an electron of a given energy E 
suffers in a given path distance, in consequency of Rutherford scattering, 
has been calculated by Williams (W 9) and can be written, with reference 
to Euler and Wergeland, in the form 

d®*) = (iC ^ 2 • 10’ eV). (1) 

Here dZ is a small element of the path of the electron measured in radiation 
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units — ^In addition to the Rutherford scattering, other sources of angular 
scattering also exist, including the process of pair formation and quantum 
emission by collision as well as the Compton processes of the light quanta 
along their paths. The angular deflections which are introduced by these 
processes per radiation unit, according to the estimates of Euler and Werge- 
land, are smaller by a power of ten than those given by (1). Since we have 
to deal with the sums of the squares of the angles, the other sources of 
scattering amount to about 1% of (1). 

4. The Mean Square Deviations 

The angular deflection and the spatial separation of the particles from 
the shower axis are described by the two dimensional vectors 0 and r in the 
plane perpendicular to the axis. (Here it is assumed that the angles occur- 
ring in practice are so small that it is not necessary to distinguish between 
the angle and its sine). Because of the cylindrical symmetry of the prob- 
lem, the angular and spatial distribution of the particles in the shower are 
characterized in the main by the mean square of their deflections 0 and r . 
To this we may also add the mixed mean square of the deflections (o r) , 
which characterizes the coupling between the spatial and angular deflec- 
tions. The process of reaching a state given by the mean square deflections 
of the particles of a given energy at a point in a shower is briefly explained 
in what follows. 

Just as with a projectile fired from a distance at a screen, so here a small 
change in angle 50, experienced by an electron at a distance I from the 
point in the showers under consideration shows up as a spatial deviation 
5r s= Z • 50. The contribution from an element of path dl at distance I 
from the point under consideration to the mean square deviation of an 
electron of energy E is, therefore, according to (1) : 


d(e5) 


(2a) 

(idTt) 

= and 

(2b) 

d(?) 

= K'‘W='\l)VdX. 

(2c) 


Here WQ){> E) is that energy which the electron had at the distance I 
back of the point under consideration, in view of the fact that it loses 
energy by the emission of radiation by collision on its path to the latter 
position. The expressions (2) are, therefore, to be averaged over all possible 
values of the energy E'Q), taking account of the probability for energy loss 
by radiation by collision. (In Euler and Wergel and^s calculation t^ pro- 
cedure was simplified in that the mean value E'~^{1) was replaced by E'~^(Z) , 
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which was the first ^;the ^^ect ed eff ects jkted. At the poiiit of ihe - 

mum development of the shower and '' 

In adding lip thercontribiitions made by the separate path elements id? to 
the mean square deviation, one must take account of the fact that tite 
electron has at one time been created in pair formation by a light quahtum. 

The expressions (2) must, therefore,, be multiplied by the age probability 
Q{J) (= at the maTcimum point of the shower). When one integrates 
the resulting expression between the limits I = 0 and I = oo , he obtains the 
contribution of the last generation to the mean square deviation of an 
electron of energy Finally, it is to be observed that every particle at 
its point of formation already has a spatial and an gnlnr deviation 
by its ancestor particles and representing the inheritance of its entire 
previous history. We will not go into this in greater detail here but list 
in the following Table I the results for the mean square deviation of shower 
particles of energy E. 

Here 6 is to be understood as measured in arc and r in radiation units; 

K is the constant for angular scattering given by (1). The difference 
between the second and the first columns of Table I rests entirely upon the 
improved energy statistics. 

Table 1. 

Exact Calculation 

Electrons 

Portion 

from last Total 

generation 

0.646 0.6 0.2 

0.298 0.437 0.403 

0.162 0.836 1.314 

_ Comparison of the second and third columns shows that, especially with 
r\ the contribution from past experience is very essential. After Landau's 
computational erroi-s have been corrected, his method, mentioned in the 
beginning, gives the same or similar numerical values as those entered in 
columns 3 and 4 of the table, depending upon which form of the Bethe- 
Heitler equations are used. (cf. Chapter 2 by Heisenberg pages 12 to 13, 
eq. (1 and 7). Landau himself uses these equations in a somewhat more 
complicated form). 


Light quanta 



According 
to Eulbr 
and 

Wbeqeland 

Q 333 

^ A — \ 

K^\q,x)(,E) _ 
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5. The DistributioiL Functioas f(£,0) and f(E,r) 

In order to calculate the distribution functions for the angular and spatial 
dispersion of cascade particles, we start out with the integro-differential 
equations set up in the work of Landau cited above. 


|£ = — Af Bg ^ 

|£ = c/ - I - (e,v.)ff. 


( 3 ) 


Here/ and g are functions of E, 0 and x. In particular, the quantities in (3) 
have the following signihcance: 

f(E, 0, x)dEdTedTt is the number of electrons which strike surface element 
dr, at r with an energy in the range dB at E and from a dii’ection within the 
range dre at 0; 

g{E, 0, v)dEdTedTt is the corresponding quantity for light quanta; 

I is the path length in radiation units traversed by the shower; 

Af B and C are integral operators which operate on E; 

Ae is the Laplace Operator in the 0 plane; 

V, is the gradient in the r plane and 
is the constant in equation (1) . 


The equations (3) are the integro-differential equations of the cascade 
theory ( si milar to equation (16) p. 16 in Chapter 2, Heisenberg, but for the 
differential spectinm) completed by terms which describe the changes of 
/ and g in consequence of the angular and positional changes of the particles. 

The additional term for the angular variation, = ^A/ evidently 

has the form of a diffusion equation; the term with the operator (0, V,) 
takes into consideration the change in position of the particles in conse- 
quence of the already existing angular deflections. For comparison with 
experiment it is sufficient to calculate the distribution function SiE^ 0) 
(independent of t) and/(^7, r) (independent of 0) for the point of maximum 
shower development. To this end we have taken the following course: 

In the first place by the introduction of the new variables 


A- / 

^ 0 and r' 


K ' 


one can make the integro-differential equations no longer dependent upon B 
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explicitly. At the same time these substitutions fulfill the condition that 
in the limiting case K ^ 0 (i.e. with vanishing angular scattering) the 
distribution functions f and g take the form of 5-functions with respect to 
the variables 0 and r. This means that the angular and spatial deviations 
of the ensemble of shower particles vanish, as must be the case since the 
showei* has been developed by a single penetrating particle. Next the 
function 0', r') is converted by a fourfold Fourier-Transformation with 
respect to the variables & and r' to a function f , "p) [and, coiTespondingly, 

0', r') is converted to p)] where ? is the new vector variable 

corresponding to 0 ' and p that corresponding to r'. From the form E^^dM 
for the energy spectrum at the maximum point, it follows that <p and ^ 


depend on E only through the factor E~^ 



which we separate out in 


what follows. It suffices to know <p and yj/ in those ranges of the argument 
in which f and p have the same direction. On acount of the cylindrical 
symmetry of the problem one comes out with two independent scalar 
variables f and p, 0) measures the angular distribution and ^(0, p) the 
spatial distribution. 

The relations for the angular distribution are the simplest. Here, if one 
puts p = 0 in the integro-differential equation and eliminates ^(f), he 
obtains for ^(i*) the purely integral equation 


l‘ Mty j’M') j’ ar<o{n + fVcr) = o, (4) 

Jq f •— f' r ‘'0 Jo 


which we use in the following manner for a step-wise determination of 
In the firat place one sees from the equation that ^(f) is always positive 
and falls off monotonically, and at large valu^ of f as f Also one can de- 
rive from (4) the coefficients of the power series expansion of ^(f), from 
which the function is known in the initial range. Finally, the integral 
equation will bo used in the following manner to form a numerical oonstme- 
tion procedure for calculating the function ^(f): One divides the coordinate 
f into intervals of a convenient size e; let be the value of the function for 
the argument f = ne (n = 0,1,2, •• •)■ One now expresses the integral in 
(4) approximately by summing over the index n. The summation equation 
obtained in this way from the integral equation can be regarded as a 
recursion formula for the function <p,^, from which the next term in sequence, 
1 , can be determined as soon as the series <pq, <Pi • ■ • v!>n is known. The 
procedure can be carried through very precisely and forms the basis, in 
spite of the complicated form of the integral, for computing the function 
satisfactorily up to rather large values of the argument. The results of 
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this calculation can be represented with a precision of about 1% by the 
interpolation formula 


<p(t) - 


(1 + /3W 


with a — 3.473, d — 1.06 and == 0.912. 

From this one deduces by a Fourier-Transfonnation (which in this case 
involves the Bessel-Function Jq) the foUowing expressions for the energy 
and angular distributions of the electrons: 




a - 1 


with the same constants as (6). 

The relations are more complex in the case of the spatial distribution. 
For this case also a construction procedure may be developed; however, 
one cannot make f — 0 on apriori grounds, since the value of the fimotion 
at f = 0 depends upon the course of the function p) when f 5 ^ 0. 
Therefore, one has to evaluate the course of the function in a suitable initial 
region of the f , p-plane with the help of various series expansions. Stai’ting 
out with these one can then determine the further course of the function 
in the f , p-plane with the help of a construction procedure. The result of 
this calculation at f = 0 can be represented with a precision of abo\it 3% 
by the interpolation formula. 


<p{p) = 


(1 + 


0—1 

(1 + ^yy 


with a — 2.8, a = 1.36, and = 0.71. By a Fourier Transformation one 
obtains as the distribution fimction of electrons with respect to energy and 
spatial separation from the shower axis 




0—1 


with the abbreviation 


Qv{x) — 


r(p + 1) 




where ff, signifies the Hankel Function of the first kind. The function 
f{E, 0), according to (6), and f{E, r), according to (8), are quite different 
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from the Gauss fuuci^, especially the latter which vades^ as aear 

r *= 0. — ^It should he. further stated that all of these ealculatkms, iu paf^ 
ticular the results (6) and (8), apply to the ener^ yalues 'Jr > E^, where 
Ei ia the limiting value, bdow which the cascade forming processes cease 
to be important and become submerged by the ionization. 

6. The Distribution Functions N(0) and N(r) 

Following Euler and Wergeland we designate by N{Q)QdQ and N{f)rdr 
the relative numbers of electrons with an angular d^ection between 0 and 

0 + d0 and those with a spatial displacement from the shower axis between 
r and r + dr respectively. The densities iV(0) and N(r) are approximately 
represented by Euler and Wergeland by means of the interpolation formulae 

Ar(e) = (9a) 

and 

JV(r) = — 2-'^^ (9b) 

r 

which we must now compare with our more accui’ate results. Tlie half 
value angle 0* and distance n in (9) define the radius of the circle which 
encloses half of the shower electrons. For the following discussion it is 
expedient to use the angle and distance units introduced by Euler and 
Wergeland, 

01 - — and ri = e,a;o = 

H/j c/f 

where Xq signifies the radiation unit. For illustration the numerical 
values of Ej and Xo for various substances, as well as the resulting values of 

01 and ri (in degrees and cm. respectively), are collected in the following 
table 2. 


Table 2. 



Air 

HtO 

A1 

Fe 

(Pb) 

Units 


11.3 

11.3 

(5.3 

3.1 

(1.0) 

10»eV 

■To “ 

33000 

43 

9.6 

1.8 

(0.61) 

cm 


10.3® 

10.3® 

18.6® 

37.7® 

(116®) 

angular degrees 

r, cs 

6950 

7 8 

3.1 

1.2 

(1.0) 

cm 


As shown by the numbera in parentheses in the last column the assumption 
of small angles is no longer justified in the case of lead. 

The portions contributed to the densities W(©) and N(r) l^y electrons 
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with energy E > Ej are obtained from (6) and (8) respectively by inte- 
grating over E between the limits Ef and » . The portions from electrons 
with energies E < E^ require a special treatment which we have based 
upon the Arley approximation (Arley (A 6)). The details of this some- 
what complicated calculation are passed over. Finally, the contributions 
of single scattering to N (0) and N (r) are taken into account. These result 
from the fact that occasionally a large angular deflection can take place in a 
single scattering act (cf. Wflliams (W 9)). 





Fig, la. Angular distribution of shower electrons 
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The results of l^ese calculatioiis are presented in figures la and Ib^ in 
which the functions [0/0j]iV(0/0i) and [r/ri]iV(r/ri) are plotted in logarith- 
mic units in the solid curves. (The form of these curves should actuaUy 
be somewhat smoother than represented in the figure; the slight waviness 
results from the approximations which were used in calculating the portion 
belonging to the energies E < Ei). The absolute ordinates of the curves 
and the numerical factor in the following asymptotic formulae are so chosen 
that the following normalization equations are valid: 




a) The Solid Angle Density (0/0:). The curve for 0/0: iV(0/0:) in 
Fig. la is approximated in the region 0 < 0/0i < 3 with a precision of 
about l5% by a straight line (not shown), which represents the Euler- 
Wergeland interpolation formula (9a) with the half-value angle 0* = 
0.6501. (The straight line plotted with dot-dash corresponds to the for- 
mula (9a) with the half angle of 0.470: given by Euler and Wergeland). * 
The asymptotic behavior of the solid-angle density for large arguments 
(0/0i) is reproduced by 



b) The Spatial Density N{r/ri). The curve representing the function 
r/ry N{r/ri) in Fig. lb is approximately reproduced for small arguments by 
the Euler-Wergeland linear interpolation corresponding to formula (9b) 
(dot-dash line; half-value distance r* = 0.24ri). For larger arguments the 
curve shows an appreciably slower rate of fall, corresponding to a half-value 
distance of about r,, = O.Slri. 

Its asymptotic behavior for small r is described by^ 

r-Kr-) = 3.25 [l - 4.9(;-)‘"”]. (11) 

For large arguments (> 7) the contribution of single scattering to the 
spatial disperaion predominates. This contribution, which likewise de- 


qn agreoniont with the results of Eulkb and WmoEhASD, it follows from (11) that 
the density N(r) has a singularity like r~K On the contrary, H. A. Bhthb finds that the 
density varies at small r like This form of the singularity results, as one can show, if 

the Eulkk-Wwrobland calculation is improved in only one respect, namely, that, 
instead of the electrons of equal energy, one assumes that just the electrons of equal 
energy and equal traversed path length are distributed according to a Gaussian func- 
tion. In agreement with us, Bethb also shows that the influence of earlier generations 
must l>e taken into account. 




Fig. lb. Spaoial distribution of shower electrons 


termines the asymptotic behavior of the whole function at large arguments, 
has the form 




( 12 ) 


As one sees, the new calculation gives a larger sidewise dispersion of the 
shower, as well as a stronger compression of the shower core. 

It is, likewise, to be expected that a better theory of the energy loss of 
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electrons by ionization than is possible according to the fabove methocitls#! 
increase the shower breadth still further for the following reasons^ 
shower particles most strongly d^ected to the side are those with relativ4y 
low energy, and the ratio of the number of particles of low energy to those 
of high energy can be evaluated, as has been pointed out by various authors 
(Belenky (B 7) and Schonberg (S 10)), by ^e usual approximations with 
which the stopping of electrons by ionization is calculated. Therefore, on 
the one hand, the usual neglecting of the energy losses due to ionization for 
electron energies E > leads to too large a number of particles in this 
region of high energy; on the other hand, (Belenky (B 7)), the Arley 
approximation gives too small a number of electrons in the low energy raajge 
in consequence of the neglect of those electrons which are excited by light 
quanta with an initial energy E < E{. 


7. Comparison with Experiment^ 

In the atmosphere very energetic penetrating particles set off extensive 
cascade showers, the so called “air showers,” which among other ways can 
be detected by coincidence measurements of two or more spatially separated 
counter tubes. This type of coincidence was first observed in the year 
1938 by Schmeiser and Bothe (S 9), with coimtertube separations up 
to a few tens of metem, and then by Auger (A 10), Kolhorster (K 4) and 
others with counter distances up to several hundred meters. Janossy and 
I.ovell (J 4), as well as Auger, Maze, Ehrenfest and Freon (A 11), were 
able to establish through Wilson chamber photographs that these coinci- 
dences were set off by air showers. Although these Wilson photographs 
showed only electron tracks and no penetrating particles, it has been 
.suggested from several quai-ters that the air showera might contain mesons 
as well as the cascade forming electrons and light quanta. Auger believed 
he had obtained a point of confirmation for this assumption in that he, as 
well as KOlhOmter, found that about 26% of the coincidences still remained 
iindei- 15 cm. of lead shielding. On the contrary, Janossy ventured the 
view that the gi’cat penetrating power of the coincidences could be explained 
on the assumption of pure cascade showers by thp high energies of the 
pai’ti(*le.s. Tliis view was supported by Euler and Wergeland through the 
further aigument that the observed coincidences in the absorption measure- 
ments were for the most part set off by the dense shower cores, and that the 
probability of response of the counter tube t-o a bundle of many simul- 
taneous rays wiis reduced in much smaller degree by the shieldmg than was 
the radiation density. To complete the argument it must be pointed out 
that the radiation density of a shower which just reaches its maximum aftei* 


‘The followitig diHcnssioii eloHcly follows anti Whuoblani). 



penetrating the atmosphere is not really reduced to zero but only to about 
0.5% by an additional 15 cm. of lead (which is equivalent to somewhat 
more tiian the thickness of the atmosphere) as is shown by a rough calcula- 
tion based upon the approximation formulae given in the previous chapter 
by Heisenberg. (Eq. (69) and (74)). 

Although Auger’s grounds for the assumption of a mixture of mesons in 
the air showers do not seem compelling, Euler and Wergeland seem to 
have come to such an assumption in an effort to bring into agreement with 
experiment the frequencies of coincidence of pairs of counter tubes as a 
function of countertube separation, as computed by them on the basis of 
the cascade theory. In order to clarify this question a new calculation was 
carried through, the results of which are compared in Fig. 2 with the corre- 
sponding results of Euler and Wergeland on the one hand, and the results 
of measurements of Auger (A 9) on the other. As one sees, the new calcula- 
tion gives good agreement with the experiments for countertube distances 
between 20 and 150 meters. The discrepancies outside of this range are to 
be attributed to the fact that postulates upon which the calculations are 



Counter tube seperetion '■♦ 
Fig. 2. 
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based are not valid there. In particular, the coincidences at small counter 
tube.separations are excited predominantly by showers which have already 
passed their maximum, and for which the spatial electron distribution 
calculated for the maximum is no longer valid. The spatial distribution of 
particles in a shower can, therefore, be interpreted without the assumpHon 
of a hard radiation accompanying the shower. This also follows from 
expeiiments by HUberry and by Auger^, who were able to show that the 
radiation in the outer ranges of the large air showers is much softer than in 
the shower core. A primary spectrum of the form 


HiEo) - 0.04 




is taken as the basis for the calculations, (precisely as with Euler and 
Wergeland). The numerical factor 0.04 in this expression was determined 
by comparison with experiment. H(jKo) in (13) signifies the number of 
primary electrons of energy greater than Eq which strike one cm.“ per 
second from directions uniformly distributed over the unit hemisphere. 
(Here we formally take the position that the air showers are excited by 
primary electrons) . Starting out with (13) , and with the use of the approxi- 
mation formula given by Heisenberg in the foregoing chapter for the size 
of the shower as a function of the primary enei-gy and path length, the 
frequency distribution of shower size is determined. The approximate 
correctness of the exponent 1.8 in Eq. (13) is established up to energies 
Eo “ 10^'eV by the good agreement between calculation and experiment 
in the range of the data and by the approximate agreement of the numerical 
factor 0.04 with the deteimination from the total ionization. Mention 
may also be made of the experiments by Geiger and Stubbe (G 3) with 6- 
and 6-fold coincidences, in which an unexpectedly high coincidence rate 
was found at small counter tube separations, a fact which seems compatible 
with the strong compression of the shower core according to our new cal- 
culation. 

In addition to the coincidence measurements with counter tubes and the 
experiments with the Wilson clxamber, the ionization chamber also affords 
an important auxiliary means for studying the air showers. Here one finds 
the so-called Hoffman bursts, (i.e., the sudden appearance of a very large 
amount of ionization in the chamber) which are produced almost exclusively 
by air showera. The measurement of the frequency distribution of burst 
size constitutes an especially direct method for determining the energy 
spectrum of the shower-producing primary particles. Since, as already 
mentioned, the size of an air shower is approximately proportional to the 


‘Mentioned in the cited note J)y H. A. Bktmk (Hlo). 
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energy of the primary particle which produces it, the energy spectrum itself 
is reflected in the frequency distribution of the shower size. Furthermore a 
certain size of Hoffman burst is excited, on the average, by air showers of. a 
certain size. The energy spectrum of the primary particles can, therefore 
be read .directly from the frequency distribution of the burst sizes. This 
spectrum can be determined up to energy values of 3 • 10^“eV and if comes 
out to be of the form with y « 1.85 =fc 0,2 (according to Euler and 
Wergeland). 

H. Euler (E 6) has investigated these rc-lationships more precisely on 
the basis of the cascade theory of air showers and has compared his results 
with the burst distribution curves according to the measurements of 
Carmichael. From certain details in the shape of these curves, he was able 
to conclude that the small Hoffman bursts are caused predominantly not 
by air showers, but by nuclear disintegrations, which are induced in the 
walls of the chamber by the hard radiation (of. Chapter 13, Bagge). 


MESONS 

4. THE CREATION OF MESONS 

By K. WiRTZ, Berliu-Dahlem 

1. Experimental Arguments for the Existence of Mesons 

In the modem discussion of the penetrating component of the cofflnio : 

one starts out with the assumption that it consists in greatest part of 
mesons. The experimental arguments which have lead to this assumption 
are the following (Euler and Heisenberg (E 7)) : 

a) Various statistical studies have been made of measurements of the 
momenta of rays producing Wilson chamber tracks (Kunze (K 7), Blackett 
(B 22), Herzog and Scherrer (H 10) and Anderson (A 3)) with some of these 
momenta extending to 2 • 10^'^eV. One finds here a spectrum of ionizing 
particles, which falls off continuously towards the high momenta. The 
tracks of most of the cosmic rays show an ionization which differs but little 
from that of an electron. Even in the case of particles with momenta 
pc < 0.5 • 10®eV, the tracks are so thin that their mass is certainly less than 
that of the proton. A small fraction, of the order of 0.1% (Anderson (A 3), 
Neddermeyer and Anderson (N 2)), shows thick tracks; these are protons. 
In making these arguments it is assumed that the charge of all particles is 
equal to the elementary electronic charge. 

b) At low momenta, <0.2 • 10®eV the observed loss of momentum in 
lead is as great as for radiative electrons. It decreases, however, with 
increasing momentum, and at 0.5 • 10®eV it amounts to only a tenth of the 
initial value. From this it follows that most of the particles above 0.2 • 
l0®eV are heavier than electrons. 

From the experimental fact that the particles between 0.2 • 10® < pc < 
0.6 • 10®eV ionize less than protons and radiate less than electrons, Ander- 
son and Neddeimcyer (N 2) have concluded that particles of intermediate 
mass are present with the charge of an electron. This interpretation is 
now universally accepted in preference to the one put forth first that the 
radiation theory breaks down at energies > 10® eV. 

From measurements of curvature and the density of ionization along the 
track, the mass of the intermediate particle can be determined. Estimates 
to date place it in the range 160 to 240 electron masses (cf. Chapt. 8, 
Heisenberg), Thus far, there is no certain criterion that protons are not 
also present in large numbei-s in the very energetic tracks > 0.6 • 10®eV. 
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Moreover, it is not certain that there are not particles of various intermedi- 
ate masses. 


2. Yukawa Theory of the Meson and the Decrease of Meson 
Intensity at Great Heights 

As is well known, these penetrating particles of medium weight have been 
associated with the particles postulated by Yukawa (Y 2 to Y 5) to explain 
the nuclear forces (cf. Chapter 10, v. Weizsacker), and attempts have been 
made to discuss them on the basis of this theory. An important conse- 
quence of the theoiy is that the mesons have a finite period of life, the 
experimental value of which is about 1,2 to 2.5 • 10"® second (cf. Chapter 8, 
Heisenberg); the meson then spontaneously decays into an electron and a 
neutrino. This spontaneous decay has also recently been obsei-ved in the 
Wilson chamber by Williams and Evans (W 11) and by Williams and 
Roberts (W 12). From this finite lifetime it follows that the mesons 
cannot come from external space but must be excited in the atmosphere by 
primary rays. This conclusion should be capable of direct experimental 
proof, for if it is right the meson intensity which is known to increase at first 
with height like the shower particles, should eventually diminish again at 
the top of the atmosphere. 

This question has been attacked in several recent investigations. Fig. 1 
is taken from a paper by Ehmert (E 2). It shows the hard (H) and the 
hard plus the soft components of the cosmic rays (Pfotzer (P 2 and P 3)) as 
fimctions of the amount of matter traversed, the former measured m a 
3-fold coincidence arrangement which is sketched m the figure. This 
device was sent up in a balloon and was self-registeiing. The gi’eatest 
height corresponded to 16 mm. Hg. One sees that the intensity of mesons 
between 100 and 16 mm. Hg. is nearly constant and is some 12 times as 
great as at sea level. The length of the dashes gives the pressure range 
flown through in 4 minutes, while the number of comcidences which are 
recorded in 4 minutes are plotted as ordinates. Because of statistical 
fluctuations Ehmert attached no significance to the fact that the upper 
end ^e curve seems to show a drop of intensity, but one could be tempted 
to interpret the figure as showing a maximum of meson intensity at about 
50 mm. Hg. Euler and Heisenberg (E 7) predicted such a maximum at 
about 80 mm. Hg., but under an assumption, which has recently been 
thrown into doubt (cf. sect. 3), lhat the mesons originate from the light 
quanta of the soft component, which, according to the Yukawa theory, 
can excite one or several mesons by impact with a heavy particle (neutron, 
proton) (Wentzel (W 4) and Heitler (H 6)). 

Corresponding experiments were made by Scheinj Jesse, and Wollan. 
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They used the arraiigement of counter tubes sketched in Fig. 2 in balloon 
flights up to 20 mm . Hg. The curve A (Fig. 2) shows the results of measure- 
ments with various lead absorbers (dashed), which varied between 4 and 
18 cm. in thickness. In all cases, in contradiction to jm earlier measure- 



Fig. 1. The number “H" of particles penetrating 9 cm of lead as a function of atmos- 
pheric pressure as measured by Ehmert (E 2T with the countertube arraiiMment 
sketched in the lower left. The circles and “S. J & W” give the measurements of Sohbin, 
Jesse, and Wallan (S 5) with 8 cms of lead. “W & H” shows the variation of the total 
vertical radiation according to Pfotzbr (P 2, 3). “W” is the difference of the curves 
"W & H” and "H” which at the same time agrees with the variation of the shower 
frequency according to Rbonbr and Ehmbrt (R 2). 


ment by the same authoi-s, the meson intensity increased up to the greatest 
height reached, and no indication of a flattening off or of a maximum ap- 
peared. These authoi’s further established the fact that there were no 
electrons of such intensity that they could have penetrated the lead and 
simulated the hard rays by sliower formation. At least, it is evident from 
the clo.sc agreement of the points obtained with different thicknesses of 




lead that electrons did not influence these measurements. We will come 

back to this point in the next section. - ' c j 

One may L that the experiments have, thus far, not co^ed the 
expectation that the meson intensity falls off a«am at the top of the atmo^ 
phere. Although this is not an argument against such an assumption, it 



Figure 2. Meusurements of Schein, Jesse and Wollan (S 6). Curve A: Intensity of the 
hard component for various thicknesses of lead as a function of pressure in cm Hg. 
Curve B: Total intensity of cosmic rays according to Ppotzbb (P 2, 3). 


does mean that the mesons apparently are not generated from the soft 
component alone, as Euler and Heisenbei^ assumed, but are excited at the 
verj' top of the atmosphere by primary particles, which are veiy rapidly 
absorbed in the atmosphere. 


3. Protons as Primaries 

a) Work of Schein, Jesse and Wollan. In the work cited above 
?lchem, Jesse, and Wollan (S 6) have obtained results which are of great 
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eignificanoe in. our understanding of the creation of mesons. PreviousliJr, as 
mentioned above, one started out in the discussion of meson creation 'v^th 
the assumption (Euler, Heisenberg), that they are excited high in the atmoS^ 
phere by the light quanta of the very intense soft component, and thhs 
predominantly in the region of the maximum of the Pfotzer curve. For 
this there were various arguments. 

The excitation of mesons by light quanta is a possible process according 
to -the Yukawa theory. For these mesons one assumed a spectrum similar 
to that of the exciting light quanta of the soft component. The lattm* was 
believed to be known accurately since the observed total intensity of the 
cosmic rays could be understood on the shower theory if one postulaW a < 
corresponding spectrum of electrons as the primary radiation incident from 
external space. The so-conceived meson spectmm was supported by the 
facts that it was in relatively good agreement with Blackett’s measure- 
ments of the meson spectrum and that the same spectrum also occurred in 
the distribution of large bursts under thick absorbers. This interpretation 
was given by Euler and Heisenberg. 

Schein, Jesse, and Wollan (S 4) have found an indication that mesons are 
also created by the light quanta of the cascade radiation. With a coinci- 
dence arrangement consisting of four countere, in which the upper tube was 
not shielded, and the lower ones were separated by a total of 10 cms. of 
lead, it was shown that there are rays which pass through the upper tube 
without ionization and then apparently they excite hard particles in the 
lead. The frequency of these rays varies with the height about like the 
intensity of the soft component, (cf. Sect. 6 of this Chapter). 

From the postulate that the mesons are all created by the cascade radia- 
tion, it would follow that, at the height where the energetic mesons consti- 
tuting the penetrating radiation (a few 10®e\0 at sea level should be excited, 
there must also be electrons and positrons of comparable intensity and 
energy, as well as the light quanta and mesons. A proof of this point 
was undertaken by Schein, Jesse, and Wollan (S 5 ) in the previously men- 
tioned work. Electrons of these energies in passing through lead would 
be expected to release showera in the fimt counter tube with high probabil- 
ity. They tried to demonstrate the existence of these showers. In the 
arrangement sketched in Fig. 2 the counter tubes 1, 2, 3, 4 and 2, 3, 4, 6 
registered the vertical intensity for 4 and 6 cms. of lead respectively; the 
counter tubes 1, 2, 6, 4 and 2, 6, 4, 6 registered particles which were accom- 
panied by showers. In no case was more than a small percentage of the 
measured penetrating particles accompanied by showers in the side tubes. 
This result is in contradiction to the hypothesis that the energetic mesons 
are created by the soft component. The authoi-s make the following re- 
marks on their observations: 
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^‘From the unifoim hardness of the particles measured, as indicated by 
curve A (Pig. 2), and from the fact that they excite no showers, we conclude 
that there are no electrons of energy between 10® and 10“ eV in the highest 
altitudes reached. Since the energy which an electron needs to penetrate 
the earth’s magnetic field at the 61® geomagnetic latitude of the experi- 
ments is about 3 • 10®eV, and since our measurements were carried out within 
the first radiation unit (i.e. the distance in which an electron or light quan- 
tum makes one multiplication according to the cascade theory) from the 
top of the atmosphere, it seems difiScult to postulate the existence of elec- 
trons of energy E < 10“eV, in the primary cosmic rays. They must, there- 
fore, consist of some other kind of penetrating charged particle. The 
mesons themselves, because of their spontaneous decay, cannot be the 
primary rays. It is therefore probable that the incident cosmic rays consist 
of protons.” In regard to this result of the experiments of Schein, Jesse, 
and WoUan, one must remark that in spite of all of the evidence submitted 
favoring the creation of mesons from the cascade rays there is no agreement 
as to their primaries. 

We have already seen that the relatively small latitude effect of the hard 
component at sea level becomes compatible with the h3q)othesis of their 
creation by the cascades if it is admitted that more than 85% are created 
by primaries of such energy that they are not influenced by the earth’s 
field. On the other hand, on exactly the same grounds, the possibility has 
been left open that at least a part of the mesons are created from other 
unidentified primary components. In the case of the field sensitive mys 
there is definite evidence for other than electron primaries as we will see 
in what follows: 

b) Work of Johnson. As early as the yeai* 1934 Johnson (J 7) working 
at an altitude of 46 cm. Hg. established that showem of the soft component 
possess an asymmetry of less than 1 %. At the same time it was known that 
the soft rays show a latitude effect which proves that their primaries in any 
case are charged. From this it must be concluded on the basis of the cas- 
cade theory and the maintenance of direction deducible from it (of. Chapt. 
3, Molifere) that these primaries are made up of positive and negative 
pai-ticles in approximately equal numbers. The total intensity of the cosmic 
rays at sea level, for which the hard component is mainly responsible, has an 
east-west asymmetry of some 16% and shows that the field sensitive pri- 
naaiies must consist almost exclusively of positive particles. This con- 
clusion follows from a quantitative comparison (Johnson (J 9)) of the east- 
west asymmetry with the latitude effect of the hard radiation and concerns, 
therefore, only the small part of the haid rays which are latitude sensitive. 
These primaries, therefore, must not be identical with those of the soft 
radiation. Johnson suggested that they probably consist of protons. This 
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postulate, which seems confirmed by the new investigations of Schein, Jesse, 
and Wollan, hfl4, therefore, been announced much earlier. There remains, 
nev^theless, Ihe question of how the contemporary opinion that all 
primaries, including those of the soft component, are protons, is to be 
reconciled with Johnson's view that the primary radiation of this compo- 
nent consists of positive and negative particles. Johnson's theory is based 
upon the failure of the cascades to show an east-west effect. Before we go 
into this question we will describe, in detail, a new work by Johnson and 
Barry (J 13), which confirms and extends his earlier work. 

Here Johnson investigated the east-west effect of the total radiation 20® 
north of the equator and at a great height. Three counter tubes in comM- 
dence collimated a beam angle of 20°. Moreover, this beam direction was 
inclined 60° with respect to the zenith. The counter arrangement was 
sent with balloons to a height of some 30 mm. Hg. The investigations 
were made close to the magnetic equator because there the east-west 
asymmetry should be especially great. The coincidences, as well as the 
orientation of the balloon with respect to the sun, registered by means of 
a photocell, were transmitted to a ground station by radio. The results 
of four flights are given in the table. 




East 


1 

West 



Altitude 

Numlier 

Time 

Miu. 


Number 

Time 

Min. 

Coinoi- 


mm Hg 

coinci- 

dences 


coinci- 

dences 

deuces per 
Miu. 

a 

29.4 


28.3 

38.9 

1623 

35.4 

43 

0.1 

33 

277 

10.6 

26.3 

413 

14.9 

27.6 

0.048 

44 

464 

18.6 

25.1 

680 

24.6 

27.6 

0.095 

24.2 

554 

19.3 

28.7 

740 

23.8 

31.1 

0.08 


Average : 0 . 072 


a = = 0.072. 

3 ^ + J* 

Therefore, about 7% more rays come from the west than from the east. 
This result, which applies to the total radiation composed of both the hard 
and the soft components, was analysed by Jolmson in the following manner: 

The latitude effect of the soft and of the total radiation is known from 
the balloon measurements of Bowen, Millikan, and Neher (B 34). From 
their curves of total ionization as a function of the atmospheric depth and 
with the help of a transformation given by Gross (G 11), (also Johnson 
(J 9)) Johnson derives the intensity of the radiation at the height reached 
by him and at a 60° zenith angle, on the assumption that the intensity at 
zenith angle 6 depends upon /i/cos 6, where h is the equivalent thickness 
of the atmosphere above the counter tubes, expressed in mm. of Hg. The 
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lower energy limit of the incident rays at 20® north latitude (15 • 10 e\ ) 
can be detennined from the Lemaitre-Vallarta theory (Chapt. 16, Meixner). 
From this lower limit one can further compute, according to Lemaitr^ 
Vallarta, the variation of the total intensity which would take place in 
turning the coincidence telescope 360° in azimuth at zenith angle 60 , if 
one assumes, for example, that all piimaries are positive. In this case th(*. 
asymmetry between east and west would amount to some 60% or about 
10 times that observed. 

Since thiH discussion is based on the latitude effect, Johnson concludes 
that in reality only a small excess of positives over negatives is present. On 
the other hand, since present day arguments seem to deny the validity of 
this interpretation, one could interpret Johnson's results as indicating that 
the coupling between the directions of primaries and those of the secon- 
daries which constitute the cascades is not as close as had previously been 
assumed and for this reason the east-west effect is lacking. One can under- 
stand such a state of affairs on the supposition that the Pfotzer maximum 
consists of particles of low energy, as is confirmed by the measurements of 
Schein, Jesse, and Wollan, and that, in consequence, the change of direction 
of electrons in scattering is so gi-eat that the primary direction is no longer 
presei-ved; alternatively, it may well be that, in the still unknown process 
of the creation of cascades from the primaries, the primaiy directions 
become confused. 

Johnson concluded from the 7% asymmetry that the part of the intensity 
which is excited by excess positive radiation makes up some 12% of the 
total field sensitive radiation, and from this he estimated on the basis of his 
observed east-west asymmetries at sea level that it was to be ascribed in 
part, if not altogether, to the hard radiation. Johnson also assumed that 
the primaries of this part of the radiation were positive and most probably 
protons. The views of Johnson were supported by investigations by Jones 
(J 14) and Hughes (H 13). They observed meson tracks in the Wilson 
chamber placed in a magnetic field. Jones foimd 29% more positive 
mesons in the range from 0.2 to 10 • 10®eV. Hughes, in the same institution, 
observed about a 20% excess of positives in the same energy range. A 
frequency maximum of mesons was also observed at from 1 to 2 • 10® oV. 
(Compare in this connection the medium altitude investigations described 
in Sect. 6). 

Johnson’s results did not quite sufilce to lend certamty to the proton 
hypoth^is. A related experiment which should provide the TYiiamrig sup- 
port would be to measure the east-west effect of the hard component alone 
at great hd^ts, where such an effect must be very pronounced.* 

Tbanslatob’s Note: The Gtermau edition through some nuBundorstandiug of the 
author carrieB the footnote 'This experiment was oarried out in very recent times by 
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Moreover, the picture which resulted from Johnson^s work was not free 
from contradictions in regard to the formation of cascades from primarjr 
electrons. Thus, Nordheim (cf. Johnson and Barry (J 13)) remarked that 
one must conclude from Johnson's measurements that the cascades as well 
must be produced in part by an excess of positive primaries. Johnson had 
assumed that the asymmetry of 7% observed at about 30 — 40 mm. could 
arise from the hard component alone, which then would have to be excited 
entirdy by positive primaries, for example, by protons. On the other 
hand, Nordheim argued that, at this height and at this angle of mclination 
of the coincidence telescope, the soft component, according to the cascade 
theory, should have multiplied to about 30 times the number of primary 
particles, while the hard component, on the contrary, should not have 
multiplied at all. Since the total number of hard rays at this altitude is 
about 10% of the total radiation, the total number of primaries of the hard 
rays would have to be three times as great as that of the soft primaries. 
In reality, accordmg to present views, the total energy, and hence the totd 
number of rays of the hard component, is not more than 10% of the total 
radiation. From this Nordheim concluded that either the as 3 mmietry is 
false, or the hard component experiences a strong multiplication, or, what 
is most probable, the greater part of the asyrometry results from the soft 
radiations. 

If one would conclude on the basis of the results of Schein, Jesse, and 
Wollan, as well as those of Johnson, that protons are the only primaries of 
the total cosmic radiation, then it would be interesting to look for protons 
in the cosmic rays at great heights; it is known that they are rare at sea 
level and in medium heights. 

Finally, it may be remarked that Swann has independently concluded 
from his observations that the primaries of the cosmic rays can not be 
electrons but are probably protons. In several stratosphere flights Swann 
has observed that the ratio of vertical to horizontal total intensity deviates 
appreciably from that to be expected for primary electrons. Thus, at a 
height of 16 cm. Hg., the horizontal mtensity is 20%, and at 4 cm. it is 
80% of the vertical, whereas for the latter value, for example, one would 
expect 17% if the effective height of the traversed atmospheric layer at a 
telescope inclination 0 is to be taken as /i/cos 0. Swann conclude-! from 
this that the primaries excite the secondaries in such a manner that they 
lose their original directions. Therefore the primaries can not be electrons 
on the basis of the cascade theory. 

ScHBiN and aesociatea (transmitted by letter). In fact there was found a pronounced 
east-west effect of the hard rays which showed that the total hard component aris^ from 
positive primaries.” However Sohbin states that he neither performed this experiment 
nor wrote such a letter. In (S 6) SoHum, Jhbsb and Wollan propose this experiment. 
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If one assumes protons as the primaries, then Swann’s findings have an 
analogy in the previously cited absence of the east-west effect of the soft 
component at great heights and should have the same explanation. 

4. Excitation of High Energy Mesons in Multiple Processes 

One of the first analyses of experimental results which led to the view 
that several energetic mesons are excited by a single primary particle was 
carried out by Nordheim and Hebb (N 9) and by Nordheim (N 8). The 
main part of their work consisted of a quantitative consideration of meson 
production from the soft component imder the hsrpothesis that the latter 
was , created from a primary electron component in accordance with the 
cascade theory. In this they were led to assume the creation of perhaps 
3 or 4 mesons in one aet. In addition, Nordheim discussed the possibility 
that, in addition to the primary electron spectrum which excites the cas- 
cades, there is also a primary proton component which excites the mesons. 
For this c^e also he had to assume a high multiplicity of meson formation. 

In the preceding section it is assumed that both, components are excited 
by a single primary proton radiation. If this concept is correct, the hypothe- 
sis of the Nordheim-Hebb work must undergo alteration. On the other 
hand the essential features of their deductions remain undisturbed: some 
80% of the mesons at sea level have an energy of about 2 • 10®eV or less 
(Hughes (H 13)). Since about 2 • 10®eV is required to traverse the atmos- 
phere, these rays must have at creation about 4 • 10®eV. If they were 
produced by primaries of this energy, there would be a latitude effect of 
100%. If they were to be created by light-quanta of approximately the 
same energy, which, in turn, are secondaries of a primary radiation, then 
the primaries would have to have a higher energy, but there would still 
result a latitude effect of 40% to 50%. Since the latitude effect amounts 
to only 12% most of the primaries must therefore possess energies of more 
than 10^”eV, and from the known intensity of primaiies in this energy range 
it can be concluded that more than one meson must be created from a single 
primary. 

Here there are two possibilities; either the mesons are created in a single 
act, or they are created one after the other. We will see later that the 
formei' is the more probable. 

If, in the sense of the foregoing concept of meson production, light quanta 
are regarded as primaries, then the effective cross section for meson pro- 
duction in multiple processes can be evaluated according to Nordheim and 
Hebb (N 9). We will elucidate this theory in the interest of completeness. 
If one assumes about 1.6 • lO^^eV, as the energy of the exciting lig^t 
quantum, then the multiplicity is 3 to 4. According to Compton and 
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Turner (C 7), the frequency of incidence of hard rays in the range of 
energies of 15 • 10°eV is about 1.5 • 10~‘‘ rays per unit solid angle per sq. 
cm. per sec. in an energy interval of 1 • 10®eV. From the shower theory 
(Chapt. 2, Heisenberg) one can deduce how many “photon lengths” Q(£?o, fco) 
( = path of a light quanta before a pair is excited) there are with an energy 
> /bo, originating in electrons with energy < Eq, and thus calculate the 
number of photon lengths for each energy interval of 1 • 10® eV: 




0.024 


•(s 



From this we can evaluate the ratio of mesons, created with a multi- 
plicity r, to prhnary light quanta: 


W,,, - 


1.5 • 10* 


0.024 • r 


ii-w) 


1/50 for r = 3 
1/80 for r - 4 


(er = AjoJ € = energy of created meson). This ratio is not entirely constant 
between Eo = S and JS?o = 16 • 10®eV. It follows that the effective cross 
section is 1/60 to 1/80 of the known cross section for the excitation of pairs 
from light quanta (Chapt. 2, Fltigge), i.e., between 0.5 and 1.10"®^ cm.® per 
nuclear particle. Schein, Jesse, and Wollan (S 4) (cf. Section 2) have 
determined the same cross-section as having the value 0.7 • 10“®^ cm.®, but 
without considering the multiplicity. 

An essentially higher effective cross section for meson excitation is ob- 
tained for energies Eq > IS • 10®eV on the basis of Wilson's obseiwations 
(W 13) regarding the dependence of meson intensity on the amount of 
water traversed. The number of mesons observed by him with an energy 
between E and E dE is: 


M(B)dE = 0.14-^ ioiB > 6 • 10"eV.' 

E 

This can again be compared with the frequency, deduced from the cascade 
theory, of photon lengtlis Xh of energy between k and k dk. 

X. = 2 • 65 for fc > 18 • 10°eV. 

For every 19 photon lengths one finds one meson of the same energy. 
Assuming that the multiplicity is about 3 and that the photon energy is 

^Nordhbim JisHumes a more rapid decrease of the spectrum for > 6 • lO^^eV on 
the basis of the stronger absorption at great water depths. This stronger absorption, 
however, probably has another cause, (of. Chapt. 6, Voi/rz). 
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approximately equally distributed over the r mesons, then one obtains for 
the probability of sucii a process about 1/8 per photon length, i.e., about a 
10 times larger value for the efifective cross section than that for the mesons 
of low energy. 

Nordheim saw a difficulty in his conception of meson excitation in multi- 
ple processes in the fact that the frequency of the inverse process should 
be of an equal order of magnitude. For this, however, the mesons have far 
too gi’eat a penetrating power. But in this connection it is to be borne in 
mind that for the multiple process the probability of the reverse reaction 
would be very small on account of the mesons running away from each 
other. The elective cross section for the reverse reaction would then be 
of the order of magnitude of the creation only when 2 mesons should acci- 
dentally meet simultaneously in a single collision; this is extremely im- 
probable. The fact that the effective cross section for a single process like 
that of the absorption of a meson, is so small (smaller than that for the 
excitation by a factor of 10 — 100, Nordheim) can be taken as an argument 
for the belief that the creation of a single meson of very high energy must 
have a very small cross section and should take place rarely compared with 
the multiple process. This manner of argument applies not only to the 
creation of mesons from light quanta but gives general support to the con- 
cept of the creation of mesons in multiple processes. 

Schein, Jesse, and WoUan (S 6) have tried to present experimental argu- 
ments that the mesons are created in multiple processes from the primary 
protons. For this purpose 4 groups of 4-fold coincidence counters were sent 
to great heights by balloons. The first two groups were used to count the 
vertical rays which could penetrate 18 cms. of lead. The third group 
coimted two or more particles which appeared simultaneously with the 
penetratmg particle after the first 4 cm. of lead (therefore, soft cascade 
particles) and the fourth group counted events in which one or more par- 
ticles penetrated all of the lead simultaneously with the vertical particle. 
At heights of 3 cm. Hg. 46% of all hard ray^ excited coincidences in the 
fourth group and only 16% in the third group. From this result it follows 
that at least 85% of the mesons are created not in cascades. The large 
group of coincidences (46%) in the fourth group can best be explained by 
the assumption that a penetrating particle, probably a proton, excites a 
number of mesons in lead. 

In this experiment we also have the proof of the creation of meson show- 
era at great heights. Such showers with penetrating particles have been 
observed by various authors. Since references to these works are collected 
in Chapt. 5 (Klemm and Heisenberg), they may be skipped here. It is 
noteworthy that independently of the work of Schein, Jesse, and Wollan 
(S 5) Janossy (J 2), on the basis of his observations on the hard showera, 
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has discussed the possibility of the excitation of the total cosmic ladlSBoh 'l 
by a primary proton component. ] 

There have also been preliminary theoretical disciissions of the creatioh 
of cosmic rays by primary protons. Thus Swann (S 28) as well as Nordheitn - 
have evaluated the multiplicity of meson excitation from the latitude effect 
and obtained r 5. Swann also gives a relation for the frequency of; 
m^ons of a given energy as a function of the depth below their point of 
creatidii. If a meson spectrum at the point of creation is assumed witlx ah, 
exponent —3 (cf. Chapt, 1, Heisenberg), and if, in addition, a life-period - 
of 2 ■ 10"® sec. is ascribed to the mesons (cf. Chapt. 8, Heinsenber^), th^ ^ 
Swann is able to represent correctly in rou^ detail the latitude eff^t a^#'j 
its dependence on the height. 


5. Excitation of Slow Mesons from the Soft Component 

Schein, WoUan, and Groetzinger (S 8) have investigated the meson 
radiation at heights up to 9.3 km. with the help of coincidence counters in 
airplanes. They come to the result that a part of the mesons observed by 
them are excited by neutral primaries which are probably not photons, and 
in addition they obtain a surprising spectrum of the mesons at this height. 
Their results are hei*e briefly described. In Fig. 3 the coincidence arrange- 
ment is reproduced. The coincidences set off by ionizing particles are inde- 
pendently registered in the counter tubes 1, 2, 3, 4 and 2, 3, 4, 5 as wdl as 
1, 2, 3, 4, 5. Coincidences from sidewise showers are ruled out to within a 
few percent. They find for example, with an airplane between 6.2 and 7.4 
km. height the following result: Of the particles which excite the upper 4 
counter tubes 22 d= 3% do not discharge counter tube No. 5; of those which 
excite the lower 4 counter tubes 9.7 =h 3% do not discharge counter tube 
No. 1; there are, accordingly, 12% more counts above than below. The 
result for the lower group, which seems to be independent of the height, 
means, according to the interpretation of the authors, that a neutral 
particle passes through 6 cms. of lead and counter No. 1, and then, in the 
8 cms. thick lead block, it excites an ionizing hard particle, a meson. If 
thQ neutral particle were a light quantum of such high energy that it could 
pass through 6 cms. of lead, then, according to the views of the author, it 
would be expected that in its absorption it would also create an electron 
which would excite the first counter. It is inferred that the mesons are not 
created by photons. 

In this connection there is perhaps also the possibility that a sidewise 
light quantum strikes the lead block over the second counter tube and 
there excite a meson which discharges the tubes 2 to 4. In the excitation 
of m^ons the secondaries often deviate from the primary direction by a 
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considerable amount, according to the evidence of the Wilson chamber. 
The supposition that mesons are also excited in thin lead plates by photons 
has been made probable by Schein and his associates; we will describe these 
investigations next. In a special series of measurements they attempted to 
show that in the primaries there are no effects attributable to neutrons. 
For these expeiiments a parafin block of 35 cm. thickness was laid over the 
arrangement Of countem. If neutrons of higher energy had been present 
they would have effected an appreciable increase in the coincidence rate 
because of the recoil protons. Such an increase did not occur within the 
4% limit of error of the measurements. The only remaining possibility is 
that the mesons are excited by neutral mesons or neutrinos. 

Very similar experiments were carried out by Rossi and Regener (R 10) 
at 4.5 km. height. They also found a considerable number of mesons 
which were excited by neutral particles after passing through lead. They 
could effect a decrease in the mesons thus excited by increasing the lead 
thickness, but this was less than would have been expected from the absorp- 
tion of mesons. 

Neutral mesons were also discussed on the basis of similar observations 
by Maas (M 2), who postulated photons as primaries, and by Arley and 
Heitler (A 6), since the absorption effect for the primaries, observed by 
Maas, agreed with that for the mesons. 

From the results already described of Schein, WoUan, and Groetzinger, 
it is possible to draw conclusions regarding the spectrum of the mesons at 
the altitudes attained. From the investigations the intensity of the meson 
ladiation which was able to pass through 27 cms. of lead (cf. Fig. 3) was 
found to vary with the height in the manner shown by curve B of Fig. 4. 
Likewise the corresponding intensity curve was taken with only 10 cms. 
of lead. (Fig. 4 Curve A). A single point (X) gives the number of mesons 
at 6.7 km. altitude which can penetrate 19 cms. of lead. This point was 
determined from the coincidences of the upper counter tubes between 5.2 
and 7.4 km. The difference between cuiwes A and B can be due only to the 
mesons which pass through 10 cms. of lead but are stopped in the additional 
17 cms. On the basis of the known intensity loss of mesons in lead (Wilson 
(W 15)), it follows that a meson requires an energy of 2.9 • 10” or 5.2 • lO” 
oV in order to penetrate 10 cms. or 27 cms. of lead, respectively. The 
difference between the ordinates of curves A and B gives the number of 
mesons which lie between these two values. For 9.3 km. altitude this is 
about 1/3 of all observed mesons. For the penetration of 19 cms. of lead 
4.2 • 10®eV is necessary. Hughes (H 13) obtained data from Wilson cham- 
ber photographs at sea level for mesons > 5 ■ 10° eV; Herzog, and Herzog and 
Bostik (H 7, 8, 9) using an airplane found results which we will presently 
describe. Making use of all these data Schein, Wollan, and Groetzinger 
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construct the meson spectrum at 6.7 km. height which is reproduced in 
Fig. 6 and is there compared with the well known spectrum at sea level 
(Hughes (H 13), Jones (J 14), Blackett (B 22)) represented by the dashed 
line. From the constancy of the meson absorption above 6 km. height 
(Schein, Jesse, Wollan (S 4)) these authors conclude that the spectrum 
should undergo no further essential alterations at greater heights. 

The large number of mesons with energy < 6.2 • lO^eV was confirmed, 
as already stated, by Wilson chamber photographs by Herzog and Bostik 
(H 7, 8, 9), who have likewise found about 30% slow mesons at the same 
height. From their photographs it appears, without doubt, that these 
mesons are created in part by multiple processes in the neighborhood of the 
chamber; the creation of one pair in the chamber was photographed. These 
mesons should, therefore, have been produced is some manner other than 
that of the energetic mesons described in the preceding section. They are 
probably formed from the photons of the soft radiation. An argument for 
this view is also given by the investigations of Schein, Jesse, and Wollan 
mentioned at the beginning of section 3; they studied the intensity of a 
non-ionizing radiation, at various heights, which excites mesons in 2 cms. of 
lead. Its intensity increases with the height in the same way as the cascade 
radiation measured by Hegener and Ehmert (H 2). From these measure- 
ments Schein and Wilson (S 7) have evaluated the effective cross section 
for the excitation of these mesons. From the measurements of Regener and 
Ehmert it follows that at a height of 8 km. about 100 photons must fall 
each second on the 2 cm. thick lead screen of the counter tube arrangement. 
In the same time 2 mesons were observed. Hence the probability for 
excitation is 2/100. From the number of lead atoms per cc. the authors 
calculate from this number that the effective cross section per nuclear par- 
ticle in lead is 0.7 • lO"*’^ cm.* Nordheim and Hebb (N 9) have shown 
from the frequency of energetic mesons at great heights that the effective 
cross section for excitation of energetic mesons must be at least 10 times 
greater if one assumes that photons of the cascades are the primaries. This 
result also leads to the conclusion that there is probably another mechanism 
of excitation at the edge of the atmosphere. 


6. Summary 

The experimental investigations make it appear that the following pic- 
ture for the creation of mesons is the most probable: 

From external space there is incident, according to Johnson, a primary 
proton radiation whose energy spectrum probably agrees with that found 
for the soft component and for the mesons, (cf. Chapt. 1, Heisenberg). 
The protons excite the hard meson component, probably in multiple pro- 
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cesses, at the outer bounds of the atmosphere, i.e., in a path length which 
is shorter thp.n a radiation length. The soft radiation which forms the 
Pfotzer Tnfl.yimnm is Created in the same or in a separate act from the 
primary, or it is a secondary radiation of the mesons. Experimentally 
nothing is known of this. The mesons form the hard component of the 
cosmic radiation which is observed at sea level and has a frequency maxi- 
mum at that depth at 2 • 10"eV. Mesons are also produced in another man- 
ner, and probably in great numbers, as secondaries of photons of the soft 
component, but with less energy (< 6.2 • 10®eV). Here also multiple 
processes (explosions) are observed. In the vicinity of the earth's surface 
these mesons are very rare, in agi-eement with the fact that there also the 
soft cascade radiation has been almost completely absorbed. At 7 km. 
height, on the contrary, these make up about 30% of the total meson 
component. Besides those from the photons, probably a small fraction 
(< 5%) of the mesons are created by neutral corpuscular particles (pos- 
sibly neutral mesons) . Future investigations must be undertaken to show 
in what manner the mesons and cascade radiation arise from the piimaries 
and how the geomagnetic effect and the intensity relationships are to be 
explained. 



5. SHOWERS WITH PENETRATING PARTICLES 

By A. Klemm and W. Heisenberg, Berlin-Dahlem 

The question aiises whethei’ showers containing several penetrating 
particles are also observed in the cosmic radiation. This is, theoretically, 
of fundamental significance, since from the presence of such showers one 
might come to some conclusion about the existence of genuine multiple 
processes (or explosions) in which several particles are created in a single 
act. This type of explosion-like shower is to be expected, theoretically, 
according to the Yukawa theoi'y (cf. W. Heisenberg (H 3); also Chapt. 8, 
Heisenberg). A distinction is to be made between the genuine showers and 
the pairs of penetrating particles which are occasionally counted in with 
the showeiB. In what follows the word “shower” will be applied only to 
processes with at least 3 particles; the discussion of paii-s will be dealt with 
briefly. 


1. Meson Pairs 

The first indication of pairs of penetrating particles resulted from 
investiga<tions by Maas (M 1) and by Schmeizer and Bothe (B 30a, S 9). 
The latter authors investigated coincidences of counters at a great distance 
from a shower-exciting layer and under such a condition found the so-called 
second maximum of the Rossi curve strongly marked at 17 cms. of lead. 
They came to the conclusion from this that rays exist with a range of 17 
cms. of Pb. The various repetitions of this experiment undertaken with 
slightly varied geometiy, however, have not led to a complete confinnation 
of the existence of the second maximum. 

A more certain proof for the appearance of pairs of penetrating particles 
and, indeed of meson paira, is supplied by the work of Braddick and Hensby 
(B 36), Leisegang (L 3) and Herzog and Bostick (B 8, 9). 

Braddick and Hensby (B 36) have taken counter controlled cloud cham- 
ber pictures in London 30 m. underground. They obtained 1900 photo- 
graphs with single meson tracks. The mesons were recognized by their 
uneventful passage through 1.4 cms. and 2.5 cms. of lead in succession. 
Of these 1900 photographs 6 showed double tracks of mesons with an ap- 
parently common source in the layer of earth above the chamber. With 
1900 single tracks only 0.057 accidental double tracks were to be expected. 

Leisegang (L 3) made counter controlled Wilson-photographs, in which 
11 cms. and 16 cms. of lead in turn were placed above the chamber and 
a 1 cm. lead screen was in the chamber. Among 900 single meson tracks 
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he found 3 double tracks, the origin of which was in the producing layer. 
The proof of their meson character was realized in that the particles were 
scarcely deflected in 1 cm. of lead (and were therefore energetic), and they 
produced no secondary rays. 

Finally, Herzog and Bostick (H 8, 9) have observed the formation of a 
meson pair in a cloud chamber photograph taken at high altitude in an 
airplane. 
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There can, therefore, no longer be any doubt that occasionally pairs of 
mesons are formed. It is plausible to assume that the primary particle is a 
photon, that we have here to deal with processes analogous to the usual 
pair excitation of electrons. The frequency of pairs can be evaluated from 
the available material only in order of magnitude. The effective cross sec- 
tion for their creation from protons seems to lie in the vicinity of 10“*^ to 
10"“® cm.“ per nuclear particle. This order of magnitude is also not out of 
the question according to theoretical evaluations (e.g. Booth and Wilson 
(B 29)). 

2. Penetrating Showers 

The proof of the appearance of genuine showers with penetrating particles 
was first given by FusseU (F 7) in some cloud chamber photographs, then 
by a systematic counter-tube investigation by Wataghin, Santos, and Pom- 
peja (W 2) and also more thoroughly by JAnossy and Ingleby (J 3). 

Fig. 1 shows the best example of such a process observed by Fussell. 
The shower took place in a 0.7 mm. thick lead plate. Of its rays at least 
3 passed through 1.2 to 2 cms. of lead without appreciable deflection and 
without secondary formation, and are, therefore, to be regarded as mesons. 
The shower excitation is connected with a nuclear disruption, as is shown 
by the heavy tracks of short range. The whole shower took place simul- 
taneously with electrons which did not come from the place of formation of 
the shower; the process, therefore, seems to have taken place in the area 
of a large air shower. 

Wataghin, Santos and Pompeja (W 2), working at 800 m. above sea level, 
have placed four counter tubes of 100 cm.® each so that in each pair the 
two counters are vertically under one another and the pairs are separated 
horizontally, 30 cms. in one case and 65 cms. in the other. A particle 
coming vertically from above and causing a pair of counter tubes to respond 
must penetrate 17 cms. of lead. The authors observed four-fold coinci- 
dences and found, with 30 cm. separation, 4.6 coincidences per day and, with 
65 cm. separation, 3.6 coincidences per day, whereas they report that only 
0.3 coincidences per day were to have been expected accidentally. Here 
they were evidently dealing with pairs of penetrating particles, most 
probably mesons. With a fifth counter-tube, placed there for the purpose, 
it was further established that in a considerable fraction of the cases more 
than two penetrating particles appeared since the five-fold coincidences 
were not much rarer than the four-fold. 

The most thorough investigation of this type and the one most produc- 
tive of conclusions was one carried out by JAnossy and Ingleby (J 3). 
They chose the arrangement of Fig. 2. 

When a five fold coincidence occurred, 1, 2, 3, A, B the number, w, of 


Coincidences (n> 2) per hour 
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Figure 3. Development of penetrating showers. 


simultaneously discharged H-counters was recorded. As an exciting layer 
T, both lead and A1 were used, the thickness of this layer varying between 
0 and 120 g/cm.’-* The absorbing layer S consisted of lead. The results may 
be seen in the following table and in Fig, 3. 
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n — 

0 

1 

2 

3 

4 

6 

6 

7 

8 

Number of coincidences 
(for arbitrary T) 

854 

911 

184 

139 

130 

! 

108 1 

80 

85 

49 


If y = 0 the experimental arrangement is such that only coincidences are 
obsei-ved which are excited by air showem, since only then are the upper 3 
counters excited. The particles of the air shower then apparently release 
penetrating particles in the 25 cm. thick lead mass between the counters 
1,. 2, 3 and H, which serve to excite the other counters. If now the material 
T is placed over the entire arrangement, nothing is fundamentally altered 
in regard to the formation of the penetrating rays. Air showei-s which 
previously have faded accidentally to excite the counters 1, 2, 3, are 
concentrated by the material T and now give threefold coincidences 1, 2, 3; 
hence the rise of frequency with T. The initial bending of the cuiwe in 
Fig. 3 and the saturation thickness at 5 cms. of lead correspond exactly to 
the relations expected from the cascade theory. The release of penetrating 
particles for thin layers, T, always takes place principally in the large lead 
mass under 1, 2, 3. Only with thick layers, T, are the penetrating particles 
released in T, and the fall of the curve in the figure corresponds to the ab- 
sorption of the penetrating particles. 

The cases n = 0 and n = 1 can occur from single mesotrons which release 
secondaiy electrons in T and near the countei’s A , B. They are considerably 
more frequent than the cases n = 2. On the other hand, it is interesting 
to note that no great frequency diJBference occurs again between n = 2 and 
any higher value up to ?i = 8. It would seem then, since for the most part 
several penetrating particles are formed, that the creation of many such 
particles is not much rarer than that of two or three. 

If the penetrating particles of these showers are mesons, — and this is 
certainly most probable — ^then one can compare the frequency of the 
showers with the frequency of meson production in the atmosphere. In the 
atmosphere the mesons are probably formed in part by primaiy protons 
and in part by the light quanta of the soft component, (cf. Chapt. 4, 
Wirtz) . The slow mesons, whose formation is obseiwed in great numbers at 
heights above 7 km., are created principally from the photons of the cas- 
cades. In the lead block (between counters 1, 2, 3 and If) of Jdnossy and 
Ingleby the same thing is enacted as takes place with con’espondingly 
greater frequency at the higher altitudes. Hence, the frequency of the 
meson showers in these investigations can be extrapolated: they should be 
related to the frequency of single mesons in the same way as the cascade 
radiation of sea level is related to that at great heights. For a cascade 
spectrum of the form the intensity at sea level, according to the theory, 
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is 10“'* to 10~“ of that at greater heights. Hence the showers of J^ossy and 
Ingleby should be 10® times rarer than that of the single mesotrons, a ratio 
which is about of the right order of magnitude. This estimate, therefore, 
supports the interpretation that the investigations of J^nossy and Ingleby 
have to do with meson showers (i.e. genuine explosive showers in which 
many particles ai’e created in a single act). The correctness of this inter- 
pretation can also be demonstrated by the dependence of the frequency 
upon the height. Even at the height of the Yungfraujoch the showers 
should be 80 times more frequent than at sea level. 

Recently Powell (P 6) and Wollan (W 16) have published cloud chamber 
photographs in which showers of mesons have been observed emanating 
from a single point (Fig. 4). These showers are exactly the same kind as 


Figure 4. Mefton shower by Wollan. 



those observed (See Fig. 1) by Fussell (F 7). Whether the showere ob- 
served by Daudin (D 1) also belong to the same class can be clarified only 
by further experiments. Finally, Cocconi, Loverdo, and Tongiorgi (C 5a) 
have recently published systematic experiments, which show that most of 
the meson showera at 2200 m. are created in connection with the large air 
showers. These results, therefore, are in good agreement with those 
obtained by .Mnossy and Ingleby. 

In summary it can be stated: by experiments conducted in the past few 
years one can be sure of the existence of explosive meson showers with 
many particles; these showers seem to play a decisive roll in the genetics of 
the cosmic rays in the atmosphere according to the new expenments by 
Schein, Jesse, and Wollan (S 4 to 0) (cf. Chapt. 4, Wirtz). This experi- 
mental result is satisfying because such showers are to be expected accord- 
ing to the Yukawa theory, (Heisenberg (H 3)); the existence of these 
showers also gives a theoretical basis to explain why the effective cross 
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section for collision or creation process of the mesons, calculated according 
to the usual perturbation theory, does not agree with the experiments. 
Only in the kind of calculation which has to do with the purely electro- 
magnetic effect of the meson on its surroundings can one hope to get an 
agreement with the experiments. 




6. THE ABSORPTION OF MESONS 

By H. VoLTZ, Berlin-Charlottenburg 


As we know from measurements by Anderson and Neddenneyer (A 4) as 
well as those by Blackett (B 24), the great penetrating power of the cosmic 
mys is a property of the mesons which they contain. These particles, 
thus far found only in the cosmic rays, should be unstable according to the 
theory of Yukawa, who, theoretically, postulated particles of such mass 
before their discovery to explain /3-decay and nuclear forces; they should 
decay into an electron and a neutrino with a mean life of the order of lO"® 
sec. 

Such a decay of the mesons, like the normal absorption by energy loss, 
will lead to a reduction in the number of particles while passing through 
matter; the measured absorption coefficient will, therefore, contain, be- 
sides the part due to collision losses, another part attributable to the decay. 
In what follows the absorption of mesons due to collision losses alone will 
be considered, and, in conclusion, the question will be raised as to what 
can be deteimined from the expeiiments about the decay of the mesons. 

The collision losses of mesons take place essentially by energy transfers 
to the electrons, or in other words, by the ionization of the atoms encoun- 
tered^ For the energy losses suffered in tliis process, Bohr (B 28) has de- 
rived, on classical theoretical grounds, an expression which was later 
brought into quantum mechanical form by Bloch (B 26). According to his 
theory 



Hero e and m stand* for the charge and mass of the electron, v the velocity 
of the moving particle, n the number of electrons per cc. in the material 
traveled, IZ (with I = 13.5 eV) a mean value of the ionization energy of 
an atom of atomic number Z, and W the maximum energy which can be 
tiansfeiTed to an electron in a collision. .According to Bhabha (B 19) 


W = 




+ 


itfV) 

2m 



( 2 ) 


‘To what extent, radiation losseB play a part with energies above 10‘®eV is still not 
fully understood. 
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in which M stands for the mass of the meson.— According to (1) the energy 
loss, besides depending upon the velocity qf the particles, depends essen> 
tially upon the number of electrons encountered, or in other words, roughly 
speaking, upon the mass of the layer traversed. There is also a logarithmic 
dependence upon the atomic number of the absorbing medium. 

Numerous experimental investigations (Rossi (R 6)) now show that the 
absorption of mesons in air is appreciably stronger than in a water medium, 
which, according to (1), would give the same energy loss. This phenome- 
non has been regarded as an experimental proof of the decay of mesons. 
This decay must, naturally, have a greater effect over the long path length 
through a gaseous absorber than on the short path through a liquid or 
solid absorber and, hence, must lead to a higher absorption effect of air. 
From the experiments it was possible to determine the mean life as a few 
times 10"° seconds, so that the Yukawa theory could be regarded as con- 
firmed in its basic concepts. 

Fermi (F 1) has recently pointed out in this regard that this conclusion 
is not enthely inevitable. Indeed, the derivation of the collision-loss for- 
mula (1), neglects an effect which makes the normal absorption by energy 
loss, even of a stable particle, depend upon the density of the absorbing 
medium. This is just what the experiments show i.e., that a liquid or solid 
absorber produces a lower loss of energy than a gaseous absorber. This 
effect arises from the fact that in the material traveled the electric field of 
the passing particle induces a polarization which weakens the ionizing field. 
In this way the energy loss of the particle is reduced, and the more so, the 
greater the dielectric constant, i.e., the greater the density of the absorbing 
material. 

Before one can draw conclusions from the expeiiments as to the insta- 
bility of the mesons, the influence of the above effect must be deteimined 
quantitatively. The calculation, of which the essential re^lt is to be 
presented briefly in what follows, was carried through by Feimi and leads 
to the conclusion that one must still, as before, adhere to the assumption 
of the spontaneous decay of mesons. However, one arrives at a higher value 
of the mean life than previously. 

For the calculation Fermi replaces the matter traversed by a continuum 
of electrons elastically bound to theh rest positions and calculates for this 
model the electric and magnetic field of the moving particle. With the 
help of the radiation vector one obtains the energy flux which passes out- 
waj^ through a cylindrical surface cncumscribed about the orbit with a 
radius b. This represents the energy lost per second to the region outside 
of the cylinder and can be compared immediately with the corresponding 
expression of the Bohr theoiy, which is derived without regard to the 
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dielectric properties of the medium. It shows, however, in contradiction 
to the latter, a dependence upon the density of the material. 

Without the calculation losing sense, the radius of the cylinder can be 
reduced to the order of magnitude of an atom radius. Then, moreover 
one can regard the energy lost to the region inside the cylinder as ind 
pendent of the dielectric properties of the cylinder and simply add tl 
difference found in the above calculation with respect to the Bolu- expres* 
sion for the region outside of the cylinder to the foraciula (1) which gives 
the old value for energy loss. 

In the calculation two cases are to be distinguished according as y < c/(6)* 
or « > c/(€)^ Here e is the corresponding static dielectric constant of the 
assumed model: e = 1 + where ojq stands for the characteiistic 

frequency of the electrons. If the evaporation of electrons is neglected, 
one obtains for the energy loss to the region outside the cylinder of radius h 
per cm. of the path traversed by the particle. 
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whereas the Bohr theory gives 


low > f/(«)S 




In (3) Ko and 7C, stand for the Haenkel functions of zero and first ordei- 
respectively\ For small arguments, hence for small h, one can replace 
them with their asymptotic expressions 




KM = i ; 
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3.17 = where C - Eulers Constant 


^See for example B. Watson: Theory of Bessel Functions, 1922, p. 78. They are 
K,iz) = vi/2 e pvi/2 
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and thus obtain 

log^l “ 

(5) 

For e = 1 the first of these two expi-essions goes over into the Bohr expres- 
sion (4). The calculation of the energy loss with the help of the radiation 
vector S is, thus, in its end result equivalent to the Bohr calculation which 
sums the energy transferred to the individual electrons thi'ough collisions. 
The Fermi calculation thus teaches a new conception of the nature of this 
energy loss. But, contrary to the expressions (4) and (5), which are valid 
only for small values of h, (3) holds quite generally. For large values of 6, 
the firat term in this equation vanishes exponentially, while the other two 
terms remain constant. This term thus gives an energy flux which goes 
out from an arbitrarily large cylinder, and thus represents an energy 
radiation. This is nothing more than the electromagnetic radiation, al- 
ready observed by Cerenkov (C 2), when fast electrons pass through matter. 
The energy contained in these terms is thus given off in the collision 
process, not as kinetic energy of knock-on electrons, but in the form of 
radiation. 

Whereas the difference between the result of Fermi and of Bohr for 
V < c/(€)Ms of small consequence and lies only in the factor e in the loga- 
rithm, there is a difference in character for v > the term —log 

(1 — w*/c“), which tends towards infinity as a c and results in the loga- 
rithmic incr-ease in the energy loss according to Bohr, is not present in the 
Fermi theory, but in its place are terms which have finite limits as a — > c. 
This fact can be understood intuitively: the logarithmic increase of the 
energy loss in the Bohr theory derives from the Lorenz contraction of the 
field of the moving particle, the contraction having the effect that the high 
speed particle can act in a collision-like manner on boimd electrons at great 
distances and thus give up energy. The maximum effective collision 
distance thus becomes greater with increasing velocity and tends to infinity 
as a — > c. When the polarization of the medium is taken into account, the 
field representation in Fourier resolution is completely changed for all 
frequencies with propagation velocity less than the particle velocity, 
hence in the case a > for all frequencies less than the resonance 

frequency. For these frequencies there is formed a bow wave with angle 
different for each frequency, thus showing a dispersion, but approaching a 
fixed form as a — > c and showing no further contraction. Hence, the maxi- 
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mum effective coUisioii distance no longer approaches infinity, but rather, a 
fixed limiting value. 

The difference between formula (5) and the Bohr formula (4), as men- 
tioned above, also represents the corrections to be added to the complete 
collision formula (1). Thus we now obtain for the energy loss of a high 
speed charged particle the improved expression 


■(f) = - log.} ) 

for» < c/(«)*, 

(dB\ WTT , , , , „ 1 - dVc’\ 

■U) = ^ - -rrr-/ 

for V > cf (e)^ J 


( 6 ) 


For V = c/(6)* the two expressions merge. In the limiting case of very high 
energies the last term of the second expression falls completely away, and 
furthermore, the quantity IZ can be replaced by the coiTesponding ex- 
pression ^coo of our model and e — 1 by One then obtains the 

formula for loss of energy by collisions valid in the limit of very high 


energies, 



( 7 ) 


According to this foimula, the energy loss at very high energies depends no 
longer upon the nature of the absorbing medium but only’ on the electron 
density prevailing therein; this is of such a nature that the energy loss 
becomes less with increasing density. 

The energy loss at low energies depends on the value of €. This quantity 
in the simplified Fermi model is the static dielectric constant. In consider- 
ing real matter this must be replaced by an effective value which is given in 
an originally unknown manner by the dispersion characteristics of the ma- 
terial. In tills respect there is some uncertainty in the application of the 
collision formulae (6) . In order to evaluate the influence of this uncertainty, 
Fermi calculated the energy loss of ordinary electrons in water, at one time 
assigning the value e = 1.7 and at another time the value e = 1.1. The 
results are compiled in table I. It is seen that the difference with respect 
to the old theory (e ~ 1) becomes appreciable only for energies at which 
the energy loss is preponderantly determined by the radiation losses; hence 
the preceding formulae lose their significance. 



70 


H. Voivrz: 


Table 1. 


Electron energy 

108 

10’ 

108eV 


[6=1 

1.93 

2.16 

2.72MeV/cm 

Energy loss ' 

6=1.1 

1.92 

1.91 

2.09 


6=1.7 

1.83 

1 . 75 

1.94 


In the ca«e of heavy particles, protons, deuterons, and a-particles, the 
radiation losses set in only at much higher energies. On the other hand, 
the velocities of these particles, up to energies of a few MeV, still lie so far 
below the velocity of light that the first of the two formulae (6) is applicable, 
and it differs from the old collision-loss formula by only a few percent. 
Thus, measurable effects do not occur here either. 

It is different in the case of the mesons. Here such high energies are 
available that, on the one hand, the differences between the old and the new 
collision-loss formulae must be quite noticeable without, on the other hand, 
the radiation losses playing any essential r61e. Fig. 1 shows the energy 
losses calculated according to (1) and (6), respectively, in air, water, and 
lead. One sees that, according to foimula (1) , the energy loss in the various 
substances at low energies shows a systematic variation with the atomic 



Figure 1. Energy loss of mesons in air, water, and lead in units 2irne*/?Mi^, a) according 
to Bohb-Bloch, b) according to Fermi. 
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number of the absorbing substance, whereas at the higher energies, accord- 
ing to the new theory, there is a systematic dependence on the density. 
The point where the transition takes place, as well as the more exact course 
of the curve in this vicinity, depends upon the assumed value of e. The 
dash curve, which refers to lead, indicates the results of Wick's calculation 
(W 6), which has drawn upon empirical data from optics for the calculation 
of the course of the curve in the transition region. In a precise calculation 
of this nature the transition is somewhat smoothed over, but the difference 
with respect to the Fenni calculation is practically without significance. 
At any rate, one sees that with meson energies of 10^° volts, in spite of 
nearly identical atomic numbers, there is already a noticeably weaker 
absoi-ption in water than in a layer of air of the same number of electrons. 

In order to claiify the question of the extent to which this effect can 
explain the difference found experimentally between the absorption in 
water and in ah, Fermi has discussed Ehmert's measurements (E 1), as 
well as those by Rossi, Hilberry and Hoag (R 9), on the basis of his 
collision-loss formula, which he applied in the form (7), valid for high 
energies. Ehmert finds that the number of mesons behind thick layers of 
air ( > 10 m. water equivalent) amounts to only about half of that behind 
a corresponding layer of water, and that the remaining rays fall off with the 
1.87 power of the depth measured in metens of water. The latter fact can 
be explained, according to Euler and Heisenberg (E 7), if it is assumed 
that the number of mesons of energy greater than E at the point of then* 
creation is given by a power law of the foim N — c • and that these 

mesons are then absorbed with a constant energy loss. — According to (7), 
the energy loss for mesons of lO^^V is 2.2 MeV/g cm.~^ in water and is 2.8 
MeV/g cm.”^ in air of the mean density of the atmosphere ( = 1/e of the 
density at the eai’th's surface). The limiting energies of mesons which are 
just able to pass through a thick water layer and a thick air layer, respec- 
tively, are in the ratio of 2. 2:2. 8, and the numbers of surviving mesons are 
in the ratio (2.8:2.2)^ ®^ = 1.68. Ehmert’s measurements give for this 
ratio the value 2. Since the theoretical evaluation resulting from the 
application of equation (7) doubtless gives an upper limit of the value to be 
expected on the basis of the Fermi effect, it must be concluded that this 
effect can explain, at the most, 50% of the observed effect. The remaining 
difference must be ascribed as before to a decay of the meson. 

This comes out even more significantly in considering the experiments by 
Rossi, Hilberry, and Hoag, who have measured the variation of the meson 
intensity in the atmosphere and at various depths have determined the 
decrease due to the insertion of a graphite layer of 82 g/cm.® in the radiation 
oath. This decrease is again only h^ of that of an equivalent layer of air. 
Since in such a thin absorber only the slowest mesons (up to 10®eV) are 
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taken out, the Fermi effect is of almost no importance; an evaluation shows 
that it can not account for even 10% of the measured difference. Hence, 
these experiments lend weight to the decay theory of the mesons and give a 
decay period of 2 • 10 "® sec. 

A more precise discussion of meson absorption has been undertaken by 
Lyons (L 12). He took into account the energy dependence of the collision 
losses, together with the spectral distribution of the mesons, for which he 
assumed a power law of the form jV" = a * (JV = number of mesons at 
the place of their creation with energy greater than E ) . If decay is left out 
of consideration, as is allowable in solid or liquid substances, the Fermi 
collision-loss formula shows that the total number of mesons behind an 
absorbing layer is to be calculated by ascribing to a meson of energy E a 
range R on the basis of the relation 

J? = 0.5 • E in 10*eV, Rmm U^O. 

Here it is to be remarked that from this relation, which is calculated with 
the help of the mean energy, one cannot draw immediate conclusions on the 
most •probable energy loss of a single meson such as appears in Wilson 
chamber measurements. The distribution of energy loss for a single 
particle is given by an asymmetrical probability curve whose maximum lies 
at a lower energy value than its mean value. According to Lyons the mean 
energy loss in 1 m. HjO for a meson of 10“eV energy is about 3 • 10 ®eV, 
whereas the most probable energy loss is only about 2.2 • 10®eV. — ^The 
above energy range relation holds for y ^2. With the help of the depth 
relation measured by Ehmert, N = c • one can thus undertake a 
more precise determination of 7 , with the result that 7 = 1.87 • 0.96 = 1.80. 

At very great depths of water, according to Wilson’s measurements, the 
Ehmert exponent 1.87 for the dependence on depth increases to a value of 
about 2.5. According to Lyons, this phenomenon can be explained by an 
additional energy loss, which sets in only for very high meson energies 
10“eV) and is in practically quantitative agreement with the cross 
section for excitation of Hoffman bursts at great depths as measured by 
Schein and GiU (S 3). Whether this energy loss has to do with an absorp- 
tion term for mesons of spin 1 coming in at high energies according to a 
calculation by Oppenheimer, Snyder, and Berber (0 2 ), or whether it is 
simply a radiation loss must, however, remain unanswered. 

The discussion of meson absorption in the atmosphere and in shallow 
depths of water also leads, according to the more precise calculation of 
Lyons, to the result that one has to assume a decay of the meson. The best 
agreement with the experimental results is obtained if one ascribes to the 
meson a mean life of 3 • 10"® sec. 


7. BURST EXCITATION BY MESONS 


By C. F. V. WtdizsKcker, Strasbourg 

1. Identification of Bursts with the Penetrating Component 

The “bursts” in the ionization chamber discovered by Hoffmann consist 
preponderantly of a very large number of electrons of both signs appearing 
simultaneously and thus constitute simply the very largest “showers.” 
Part of the bursts undoubtedly have their origin in the soft component; 
these bursts evidently occur when a portion of a large air shower strikes the 
chamber walls. Other bursts, however, must be ascribed to the hard 
component. This analysis has been thoroughly studied by Euler and 
Heisenberg (E 7). Consequently we will follow their discussion of Nie’s 
burst production curve (N 3). 

Fig. 1 shows the dependence of the number of those bursts, which contain 
more than 200 particles, upon the thickness of the absorbing layer placed 
above the chamber. The maximum of the curve is to be ascribed to the 
soft component, since its height and its dependence on the thickness and 
material of the layer correspond to the predictions of the cascade theory. 
The maximum in lead is the greatest and occui-s for veiy thin layers, 
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Figure 1. Burst yield curve for Pb, Fe, A1 and parafin. Only bursts > 4 MeV (according 

to Nie). 
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(calculated in g/om.^; in iron it is sma l ler and occurs at a greater thickness, 
and in aluminum it cannot be seen at all. 

On the other hand, at very great thicknesses, the number of bursts which 
is nearly independent of the thickness of the layer, cannot derive from the 
soft component but only from a radiation which has a veiy small absorp- 
tion coefficient. We, therefore, ascribe them to the mesons as a secondary 
effect. Yet in every respect they behave as nonnal cascades which have 
built up in the absorbing layer. They differ from the cascades at the 
maximum of the curve only in the fact that the primary electron or lights 
quantum which released the cascade did not come into the absorbing layer 
from above but was excited or accelerated within the layer by a meson. 

What conclusions can be drawn from the experiments on the piimary 
process of creation of the fii’st particle of the cascade? Apparently it*^ 
dependence upon the nuclear charge differs from that of the cascade 
excitation itself. According to Fig. 1 it is weakest in lead and strongest in 
aluminum; admitting the uncertainty which lies in the fact that the curves 
have been measured up to actual saturation only in the case of lead, it 
seems to be true that the probability of the process does not increase with Z. 

The dependence of the number of bursts on their size is also important. 
This throws some light on the energy distribution law of the pai-ticles 
which excite the burst. The experiments (Sittkus (S 18), Schein and Gill 
(S 3)) show that the number A(/S) of bursts, in which more than S particles 
are present, varies as in which the exponent 7 lies in the neighborhood 
of 2 . Since, on the average, the energy consumed in a burst is propor- 
tional to the number of particles, ^S, the bui-sts show a distribution law 
which is identical within the errors of measurement with the distribution 
law of both the hard and the soft components (jB"^ ®). 

Before we invoke other experiments we ask what postulates can explain 
the regularities already cited. 


2. Interpretation of the Association of Bursts 
with the Meson Component 

By what process can a meson excite secondary particles of sufficient 
energy to produce a burst? 

Within the field of theoretically known processes, ionization and radia- 
tion-by-coUision come into consideration. Normally, in ionization, a meson 
transfers to an atom only a small amount of energy, i.e., less than 100 eV; 
the summation of these numerous small energy losses is what causes a 
meson to have a finite range in matter. Occasionally, however, there 
must occur processes in which an electron experiences a very great impulse 
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and extracts a considerable fraction of the energy from the meson. Like- 
wise, through radiation-by-colHsion, a correspondingly large fraction of the 
energy can be transferred to a light quantum, which can then start a 
cascade. It is true that mesons were first differentiated from electrons by 
the fact that they excite no radiation-by-coUision. However, collision- 
radiation processes must occur on very long paths, at least as frequently 
as in the ratio of the squares of the masses of the electron and the meson. 

Another possibility is to assume a Heisenberg “Explosion” as the origin 
of the bursts, i.e., the excitation of many particles in a single elementary 
act. As Heisenberg (cf. Chapt. 12, Heisenberg) has remarked, there is ‘ 
really no significant difference between this and the previous interpretation, 
for the explosions will take place only when a great deal of energy is trans- 
ferred by an interaction of the meson with matter. It would, therefore, 
seem reasonable to investigate this interaction along the lines of the normal 
theory and in this maimer first to ask whether what one calculates is the 
probability for the excitation of a single secondary pai'ticle, as is usually 
assumed in the statement of the standard theory, or whether in the process 
many particles are automatically created as “by products” (cf. the investi- 
gations of Bloch and Nordsieck on the emission of light in the Rutherford 
scattering, and the work of Heisenberg on meson showers; Chapt. 12, 
Heisenberg). 

Bhabha (B 19) lias calculated the effective cross-section for the excitation 
of a very fast electron by a meson (the “knock-on” process). The energy 
dependence of his foimula, however, is not in agreement with the experi- 
mental results. If we designate by e that fraction of the energy of the 
meson which is transferred to the electron (e is, therefore, a pure number: 
0 < € < 1), then, according to Bhabha, the effective cross-section is pro- 
portional to This means that on a percentage basis very small 

energy transfer are favored. If one takes a spectimn of the mesons in 
which the number N„{E) of those mesons with energy greater than E is 
proportional to E'"^ then, on account of the prevalence of small energy 
transfers, the number NXE) of knock-on electrons with energy greater 
than E is proportional to E~^~^, whereas the experiments require that this 
quantity be proportional to E~^, 

One can conclude from this that the primary process of energy transfer 
must, in the final analysis, have a cross-section which is more nearly propor- 
tional to de/e. Then, although the small energy transfer are more probable 
than the large ones, the mean energy transferred in a collision is propor- 
tional to j as an example, if it extends from e = Otoe ~ 1/4, the 
integi-al has the same value as from e = 1/4 to e - 1/2; that is, the energy' 
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transferred in an einterval is independent of e, and hence the primary 
spectrum is exactly reproduced in the bursts. 

The dependence of the process on the material will be discussed in 
section 6. 


3. Application to Radiation at Great Depths 

Although the burnt excitation is quite rare, it must contribute to a cei*tain 
extent to the absorption of mesons. This contribution should make itself 
noticeable at very great depths. 

In the first approximation the intensity of the cosmic radiation at gi'eat 
depths (from sea level to a depth of about 1000 m. water equivalent) can 
be again represented by the power law, with which we are already familiar. 
If T is the depth from the top of the atmosphere measured in gm/cm.** or 
in cm. water equivalent, then the intensity of the radiation at great depths 
is nearly proportional to T~'^ where y again has about the value 1.9 (Clay 
(C 4), Wilson (W 13), Ehmert (E 2)). This is immediately understandable 
theoretically, if the mesons are stopped exclusively by ionization processes, 
because then each meson has a fixed range proportional to its energy. If a 
is the energy loss of a meson per cm. H 2 O, then at the depth T all mesons 
with energy greater than Ta are still present. Thus the energy spectrum is 
transfoimed immediately into the absorption curve (cf. Euler and Heisen- 
berg). 

Experimentally, however, the absorption law is not exactly T"^. The 
absorption takes place considerably more slowly than this law requires 
over the first 100 m. H 2 O and somewhat faster from 500 m. of water on 
down to great depths. 

The initial slower absorption is a transition effect from air to water, 
connected with the decay of the meson (Euler and Heisenberg (E 7), 
Lyons (L 12)). In the atmosphere the decay plays a comparable role with 
the absorption by ionization, but this is not so in water or solid ground; 
only in the air, because of its low density, are the individual ionization 
processes distributed over such a long path that the meson has time to 
decay. Because of the dilatation of time the slow mesons decay preferen- 
tially. Therefore, in the atmosphere the number of mesons with low energy 
is less than con-esponds to the E” spectrum . These slow mesons, moreover, 
are the first to be stopped after entry into water or earth. Therefore, fewer 
mesons are absorbed at first in water than would be expected from the 
spectrum The normal law can hold tme only after the absorption 
of all mesons, the frequency of which was appreciably altered by decay. 
The effect has nothing to do vdth the burst process and will not be consid- 
ered further at this point. 
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On the contrary, the increased rate of fall of the absorption curve at very 
great depths can be ascribed to the excitation of bursts (cf. Lyons (L 12)). 
We might ask what absorption law would be expected for these. By this 
process a meson is absorbed effectually in a single act. It does not dis- 
appear entirely but diminishes its energy by about a factor of 1/2. In this 
way, however, it goes over into an energy range in which, according to the 
law, there are many more mesons than in the original range. That is, 
the gap which the burst process leaves in the mesons of high energy is much 
more noticeable t han the associated increase in the number of slow mesons, 
which is equal in absolute number but smaller in percentage. In a first 
approximation one can figure that every meson which undergoes a bi^t 
process disappears. When this fate will overiake the indi\ddual meson is a 
matter of chance; whereas the normal ionization reduces the meson energy 
slowly and gradually, the burnt processes have the effect of thinning om 
the meson stream. Hence an exponential absorption must be supe^osed 
upon that which varies with T-\ Thus the meson intensity should vary 


with depth as 


F{T) = const 


( 1 ) 


Ihe experimental results can be represented by 

_ 1 
“ “ 2000ml?20' 


( 2 ) 


have been excited by mesom ^ bursts as the most 

ir "orthTJarai 

energy / per cm “ P^ sec., Werred to the soft 

JadT in the element of path dT. P ^bae, the soft component 

rrr 

lU ■» 1. 



78 


C, F. V. WiaizaioKiSK: 


particles per cm.^ per sec. For compaiison, we must know the number of 
particles in the meson component. Since we have assumed the total 
energy J of all mesons as a known quantity, we need to know the mean 
energy of a meson. The number of mesons of energy greater than E at 
depth T is proportional to (E + aT)~^ since the mesons which have energy 
E at depth T had originally the energy E aT. Here the additional 
absorption has been overlooked, and the calculation is valid only for depths 
which are small compared with 2000 metera of H 2 O. The number of 
mesons with energy between E and E + dE is consequently proportional 
to (E aT)~^~^dE, and the mean energy 

r(E + aT)-^-^EdE 

E = = 1.25aT. (3) 

r “Y — 1 

{E + oTT’^-^dE 

‘'0 

The mean energy of the mesons, therefore, increases in proportion to the 
depth. This becomes evident when one recalls that the primary spectnim 
E~'’ diverge at j& = 0; thus, if it is not modified for small values of E, it 
gives a zero mean energy. However, the absorption soon disposes of the 
excess of slow mesons. The number of mesons is, therefore, J{y — l)/aT, 
and the ratio of the number of electrons to the mesons is NJN„ — aT/ 
(y — 1.). The relative intensity of the soft component must, therefore, 
increase with the depth T. This follows immediately from the increase of 
the mean meson energy with the depth, since the more energetic a meson is, 
the more electrons it can excite in a burst. 

In a depth of 400 meters H 2 O a ratio NJN^ = 0.25 is to be expected. 
The experimental results give 


Author 

T in m. HjO 

NJN„, 

Auger-Grivbt . 

30 

0.07 

Clay 

300 

0.11 

n 

427 

0.22 


For the quantitative comparison one is referred to the work of Lyons. 


4. Theory of the Elementary Processes of Burst Excitation 

Just what is the elementary process which we have formally designated as 
a “burst process”? 
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The calculation by Bhabha takes account only of the interaction of the 
electric field of the meson with the impacted electron. Oppenheimer, 
Snyder, and Serber (0 2) have raised the point that with the spin of the 
meson there is associated a magnetic moment, which for very close colli- 
sions gives rise to a veiy much larger interaction than the electric charge. 
Mv(m more than in direct ionization this interaction shows up in a strong 
radiation-by-collision. Christy and Kusaka (C 3) have evaluated all of 
the effective cross-sections of interest. In what follows we give their results 
with a few explanations. 

The effective cross sections are evaluated for three possible spin values 
of the meson: 0, l/2fe, and 1^. Although the experiments of nuclear physics 
show that a meson of spin 0 is not satisfactory, this value is included since 


recent hypotheses suggest the existence of various kinds of mesons with 
different spins (cf. section 5 and the 10th Chapter on the theory of mesons). 
The spin l/2ft is included in the interest of completeness although the 
mesons responsible for the nuclear forces, according to Yukawa’s hypothe- 
sis, must have whole valued spins. The values of the magnetic moment 
listed are those which are derived from the usual field equations without 
lulditional teims introduced ad hoc. At the same time they are the values 
for which the calculated effective cross-section has the smallest possible 


value. Moreover, the empirical value of the magnetic moment of the pro- 
ton and of the neutron shows that an elementary particle need not neces- 
sarily have the “normal” magnetic moment. The effective cross-sections 
listed are, therefore, the lowest values since direct measurements of the 
magncitic moment of the meson are not available. 

In the formulae the symbols signify the following: m, the meson mass, 
771 , the electron mass, a = c'/hc the Sommerfeld constant, Z, the charge of 
th(^ nucleus at wMoh the process takes place, E,, the primaiy energy ot the 
meson, e, the fraction of the energy transfen-ed to the dectron or hght 

Cuanfim. .„ = [! + (mV/Mo)]-‘ = + f ”eV) 

Fniction of the energy which can be transferred at once. As long ^ tte 
meson travels more slowly than light, the electron c^ a mos ® 
velocity of the meson and, consequently, only a small fraction of its 
wliich i^s proportional to E„. If, on the other hand, 

practically the velocity of light, the value of approaches the value 1. 

_ ■ 1.6 • cm* is the unit in which we measm’e the 


effective cross-sections. 
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In the last expression, which gives the collision-radiation for meson spin 1 
additive terms which increase only logarithmically with Eq have been 
omitted. 

The calculations show that the collision-radiation must be made responsi- 
ble for the large bursts; this is indicated by the fact that the electron impact 
processes have the factor de/e (only for spin 1 is there a term in de/e). 
From the theoretical standpoint can the calculated cross-sections now be 
applied without further consideration? 

In all three cases the calculated cross-sections must be in error for very 
high values of the meson energy Eq, but for different reasons. The collision- 
radiation originates, in the cases of spin 0 and spin l/2h, from transitions of 
the meson at the nucleus, transitions in which the separation between the 
meson and the nucleus can be quite large. The logarithmic increase of the 
cross-section with E^ follows from the fact that the greater the energy the 
greater the collision-distances which contribute to the effect. This increase 
is limited, however, to collision-distances which are less than the mean 
atondc radius since the nuclear field has no further effect on the meson on 
account of the shielding by the electron shells. This comes into play at an 
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energy Eq ~ • ^ 1 / 3 ““ 5 • lO'^eV. Above tlus energy the effective 

cross-section remains constant. 

On the other hand, the collision-radiation with spin 1 arises from transi- 
tions very close to the nucleus. In this case, however, the formula is in 
error for another reason. In its derivation it is assumed that the inter- 
action between the meson and the nucleus is small; the Born collision 
theory was used in the calculation. This assumption becomes incorrect for 
iJo ~ 2 • 10^°eV . It is to be assumed that above this energy single excita- 
tion of a light quantum generally does not occur, but an “explosion” takes 
place with the simultaneous excitation of many particles (presumably 
mostly mesons) , Christy and Kusaka have attempted to derive a lower limit 
for the cross-section at very high energies. Most of the interaction arises 
from radiation of liigh frequency (above 137 The authors calculate 

only that contribution to the collision-radiation which is made by fre- 
quencies below this limit. If one makes the plausible but unproven assump- 
tion that radiation of high frequency is diminished by a non-linear inter- 
ference phenomenon while that of lower frequencies is not, the cross-section 
so calculated should be regarded as a minimum value. This gives 


T(EQ,€)d( 




1 + log 


TT^O V: 


2 - 2 € 4 - 76 ^' 


12 




(5) 


Here A is a constant which to a certain degree measures the cutoff frequency 
in units nc^/h and here would be set equal to 137. The terms omitted here 
are independent of A. 


5. Compaiison with Experiment. The Spin of the Meson 

We now have the question whether the processes introduced above are 
sufficient to explain the observed bursts. This seems to be so; at the same 
time it gives unexpected information on the spin of the meson. The depen- 
dence of burst excitation on the material comes out, according to calcula- 
tions by Oppenheimer (0 1) and by Chi’isty and Kusaka, in essential agree- 
ment with the experiments. We will not, however, describe these calcula- 
tions here in detail. The dependence of burst frequency on burst size is 
represented in Fig. 2 . Here the curves show the theoretical relations, and 
the dots are the experimental values of Schein and Gill. Curve 1 corre- 
sponds to spin 1 according to equation (5), curve 2 to spin 1 according to 
equation (4), curves 3 and 4 to the spins 1/2 and 0 respectively. We are 
forced to the conclusion that the bursts are set off by mesons of spin 0 
(or, at the most, of 1 / 2 ). 


82 


C. F. V. WBlZSiCKBR: 


This result appears surprising if we recall that nuclear physics, from 
which the idea of mesons originated, requires a meson spin not equal to 
zero to represent correctly the behavior of nuclear forces. The contr^ 
diction may be relieved, and, at the same time, a whole series of new experi- 
ments is suggested, if it is assumed that there are two kinds of mesons, 
some of spin 1 and some of spin 0. 



This thought was first put forwai'd in the theory of Moller and Rosen- 
feld (M 5) on nuclear forces. These authom showed that the divergence 
of the nuclear forces, at least in the classical approximation, could be 
eliminated by the assumption of two cooperating m^on fields with field 
strengths transformed as a vector or as a pseudoscalar and belonging to 
mesons of spin 1 or zero respectively. Intuitively, one can say that the 
two kinds of particles give, in themselves, a divergent law of force, but tliat, 
by suitable superposition of their effects, the divergent part can be elimi- 
nated while a finite force remains. Whereas one can object to this theory 
on the grounds that it leaves unexplained the quantum theoretical diverg- 
ence, yet it has become more plausible for reasons now to be enumerated. 
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One of the moat impoiiiant difficulties with the meson theoiy is the differ- 
ence between the two values of the mean life of the meson, the one resulting 
from nuclear physics and the other from cosmic radiation. According to 
cosmic ray measurements the meson must live from 10 to 100 times longer 
than Yukawa had concluded from j8-decay. This contradiction is clarified 
if it is assumed that both the nuclear field and the cosmic radiation contain 
two kinds of mesons, and that one of the mesons has a long life while the 
other has a short life; then one should always obseiwe the short life in j8- 
decay since the short-lived mesons would precede the long-lived ones in 
decaying. In cosmic radiation, on the other hand, the shoi-t-lived mesons 
would decay m the high atmosphere, and at sea level one would obseiwe 
only the long-lived ones. 

Nevertheless, in cosmic radiation one should notice some sign of the 
short-lived mesons; there ai’e, indeed, strong indications of their presence. 
Thus Weisz (W 3) has remarked that the various determinations of the 
mean life of the mesons from cosmic radiation give a longer mean life in 
proportion to the length of the path in the atmosphere used in the measure- 
ments for traversal by the mesons. Weisz concluded from this that mesons 
have no unique mass value; yet any lack of uniqueness of the decay 
time, including the existence of the two values suggested here, together 
with an essentially unique value of the mass, should lead to the same result, 
since the shoi-t-lived mesons will have decayed more, the longer the obseiwa- 
tion path. Direct evidence for short-lived mesons at great heights has been 
found by Juilfs (J 16) from the directional distribution of the hard compo- 
nent. 

If we assume that the meson of spin 1 is short-lived and that that of 
spin 0 is long-lived, then it Is undemtandable that the burnt measurements 
give meson spin 0. Other possible applications of the assumption of two 
kinds of mesons lie beyond the limits of this review. 




8. RADIOACTIVE DECAY OF THE MESON 


By W. Hbisenbeeg, Berlin-Dahlem 

According to the Yukawa Theory, a stationary meson can disintegrate 
radioactively into an electron and a neutrino, and in the proce^ the two 
particles created each receive about half of the rest mass of the meson in the 
form of Imetic energy. The mean life tq of the stationary meson amounts 
to about 10"® sec, according to the theory; recent work by Moller and 
Rosenfeld (M 6) and Rozental (R 11) have pointed out that perhaps one 
must distinguish between two kinds of mesons, some of spin 1 and others 
of spin 0, of which the former should have this short mean life, whereas the 
latter could have an appreciably longer life; but the latter cannot be 
theoretically determined without introducing new assumptions. 

'The fact that the mesons observed in the cosmic rays undergo radio- 
active disintegration was first indirectly inferred from the number of secon- 
dary electrons by Euler (E 4) (cf. also K 6a), and was later confirmed by 
cloud-chamber photographs by Williams and Roberts (W 12) (cf. also 
Kunze (K 7)). One of the most important tasks now consists of the 
experimental detennination of the mean life tq. The fimt evaluation of 
this constant by Euler on the basis of the expeiimental results available at 
the time (K 6a) gave values of tq between 2 • 10"® and 3 • 10"“ sec. Later 
investigations resulted partly in larger (Pomerantz and Johnson (P 5)) and 
partly in smaller (Kolhpreter and Matthes (K 5)) values. The most precise 
work of recent years has shown that the correct value of tq lies somewhat 
below the original value of Euler, in the range 

To 1.5 to 2.5 • 10"“ sec. (1) 

These expeiiments will be discussed in what follows. 

Up to now three fundamentally different courses have been followed to 
determine the decay time. First, in one way or another one can investigate 
the intensity of the mesons in air as a function of the path distance tra- 
versed. One then obtains the mean decay path R, a quantity which is 
tied in with the mean decay time to of the stationaiy meson, the momentum 
pf and the rest mass jn of the meson by the relation derived from the time 
dilatation of the relativity theory: 
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Secondly, one can calculate indirectly the decay time, according to the 
method of Euler and Williams, from the number of decay electrons in 
equilibrium with the meson component: thus about half of the energy 
E ^ pc of the decaying meson is transferred on the average to the decay 
electron, which in turn forms a cascade. The energy pc/2 of the decay 
electron thus finally divides itself among electrons of such low energj" 
(10” to 10®eV), that these can no longer experience multiplication. Now 
lot K be the ratio of the number of such low energy electrons to the number 
of mesons. Then, in equilibrium, the energy loss of the meson per cin. 
because of decay must be twice as great as the energy loss per cm. of all of 
the electrons. The energy loss by decay is composed of two parts: the part 
pc/R of the moving mesons and a part associated with the mesons which 
have come to rest. The latter is evidently equal to the rest energy of the 
meson multiplied by the relative decrease per cm. of the total number of 
mesons by ionization, and this is given by y/T, if dependence of intensity 
on depth is given by J ^ The mean energy loss a of an electron 

between 10® and 10®eV amounts in air to about 

a « 3.10®eV/cm. 


Thus we have, the relation 


and hence 




_ !^l(± 4 . a 

2a\ToC T. 


(3) 


Moreover, it wiU be shown later that on the basis of Rasettf s 

(R 1) and the theoretical considerations of Tomonga and Araki (T 2) the 

equation (3) can hold only for the positively charged mesons. 

In the third place, the decay time of the stationary meson can be m^ 
ured directly if one allows the mesons to come to rest and measures ft 
tine which elapses on the average before the decay electron b emitted 

^ The first two methods give experimental values for ^ 

tormines t„ From the ratio of the results one can, m prmciple, mfe 
mass of thi meson; yet it will be shown that the direct mass determination 

is probably -"^f 

According to the first of the ftree mem Bemardini, Caccia- 

tions of t„/m have been made m recent times. Age ■ 

puoti,Ferretti and Wick (A 1) have found values of r„(-^)inftevicmi y 
of 4 to 5 microseconds. In two other experiments the mean decay path was 
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measured for mesons of vaiious energies: Rossi and Hall (R 7) have con- 
tinued an earlier experiment by Rossi, Hilberry and Hoag (R 8) and meas- 
ured the absorption of the penetrating component in Denver (1616 m.) 
and at Echo Lake (3240 m.); Nielsen, Ryerson, Nordheim, and Morgan 
(N 6) have made similar comparative records in lower altitudes (125 m. and 
2040 m.). The principle of the measui’ements is in all cases practically the 
same. At two different heights the absorption measurements of the pene- 
trating component were carried out with multiple coincidences of from 4 to 
6 Counter tubes between which were placed lead absorbing layers. In the 
measurements at greater heights an amount of absorbing material was 
placed above the arrangement of counters which was calculated to corre- 
spond exactly to the absorption of the air layer between the two measuring 
stations when the decay was not taken into account. As absorbing material 
substances were used with atomic numbers so close to those of oxygen and 
nitrogen that the conversion could be made with the usual stopping formula 
without eiTor. 

Without the radioactive decay one should obtain the same results from 
the series of measurements at each height since the amount of matter 
traversed was the same in both cases; a small difference is to be expected 
because of the effect discovered by Fermi (cf. Chapt. 6, Volz) who found 
that the absorption in materials of different density is not exactly propor- 
tional to the total mass; the mfluence of the Fermi effect is small, however, 
and will be taken into account by a correction. The radioactive decay then 
has the effect that the intensity is less at the lower elevation, and the 
comparison of the two intensities gives directly the decay path. In this 
manner the intensity measurements behind various lead thicknesses serve 
to distinguish between meson groups in different energy ranges: those 
mesons which are stopped in a lead block and those which are able to pass 
through. For each of these meson groups one can then calculate the mean 
energy from the thickness of the lead and the well-known meson spectrum. 
The measurements then yield the mean decay path for each group. The 
following table gives the comparison between the average energy and the 
average measured decay path; they should be approximately proportional 
to one another. 


Table 1. 



1 Eossi and EUnn 

Nielssn, Eyebson et al. 

■pc (in 10 ® eV) . 

5.1 

13 

3.50 4.56 5.6 14 

R (in km) . , 

4.6 

13.3 

2.0 2.3 2.5 8 


The table shows that in each series of measurements the proportionality 
of R with pc is satisfactory, and, therefore, the time dilatation of the rela- 
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tivity theory is indirectly confirmed; the two series of measui-ements, how- 
ever, are in poor agreement with each other. 

Correspondingly, the values of to/m resulting from the two series of 
measurements (with different corrections) are quite different; thus Rossi 
and Hall find 

= (3.0 ± 0.4) • 10'“sec, 

and Nielsen, Ryerson, Nordheim and Morgan find (4) 

ro(^^) = (1.25 ± 0.3) • 10-*aec. 

A direct determination of ro has been made by Rasetti (R 1) with the 
arrangement shown in Fig. 1. In the figure parallel connected counters are 
joined by a line and designated by a letter. The coincidence recorder 1 
registers the fivefold coincidences of counter tubes A-B-C-D-E, while the 
recorder 2 registers anti-coincidences of recorder 1 and the counter tubes 
F, G. Thus in 2 are registered the events in which a meson penetrates the 
counters A, B, C, D, enters and remains in the absorbing block (of A1 or Fe), 
and a decay electron is sent out into one of the countera E or a meson is 
deflected by the absorber into a counter E. The recorders 1 and 2 have 
relatively low time-resolving powers (15 • 10"® sec.). At the same time 
twofold coincidences D-E are separated out with higher resolution by 
two other coincidence circuits 4 and 6, are tied in with the circuit 2 by the 
coincidence circuits 3 and 6, and ai‘e recorded on the registers 3 and 4. 
The resolving power of circuit 4, recorded on register 3, is 1.95 • 10"® sec, 
while that of circuit 6, recorded on register 4, is 0.76 • 10"® sec, or in 
another run 0.95 • 10~® sec. Designating by Ui to Ut the coincidences 
counted in a given long interval of time by counters 1 to 4, respectively, 
then 712 — and indicate, respectively, the numbers of delayed 

coincidences in which more than 1.95 • 10"® sec. and inore than 0.76 • 10"“ 
sec. elapsed between the response of counter D and that of one of the 
counters E. These differences should then be related to the mean life to 
of the meson by the equation 

(1.0fi-0.7d) . 10-« 

~ = e" '• . (S) 

Uz — Ua 

Rasetti found from prolonged registrations which were earned out, partly 
with iron and paiiily with aluminum as the absorber, that the mean value 
of To computed from (5) is 

To = (1.6 d: 0.3) • 10 ® sec. 
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Figure 1 . Ra.81!Tti’b arrangement for measuring the decay time of the meson. 

This value is in better agreement with the value of to/m found by Nielsen, 
Ryerson, Nordheim, and Morgan than with that of Rossi and Hall; thus 
the mass of the meson may deviate from the value juc“ = 10® eV by 30% at 
the most. The statistical error, however, is still considerable in Rasetti’s 
measurements. For the present, therefore, it can be stated only that the 
value of To is smaller than was previously assumed and probably lies be- 
tween 1 and 2.5 microseconds. 

These small values of tq and of tq/(x are in turn difficult to reconcile with 
the values deduced by Euler from the number of secondary electrons 
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according to equation (3), especially since Bemai’dini, Cacciapuoti, Ferretti, 
Piccioni, and Wick (B 9) have shown that the number of decay electrons 
is even smaller than Euler had previously assumed. With the apparatus 
described above Rasetti has investigated in how many cases the radioactive 
decay of a meson stopped in the absorbing block can actually be observed. 
After taking account of the absorption in the block and of the solid angle 
filled by counter tubes E, he has found that, on the average, only about 
half of all mesons decay radioactively while the other half are absorbed 
without decay. 

This result can be satisfactorily interpreted by theoretical considerations 
made by Tomonaga and Araki (T 2). These investigators have computed 
the probability for the capture of a meson in an atomic nucleus (by trans- 
fer of its energy to a nuclear particle) on the Yukawa theory. In this they 
find an essential difference between negative and positive mesons. The 
effective cross-section for capture of a negative meson satisfies the 1/v law 
for small velocities and results in a mean capture life r* of negative mesons 
which depends on the density of the material concerned; even in air, this is 
considerably less than the mean life for decay. (The theoretical values are 
of the order of t* 0.3 • 10“^ sec.). Slow positive mesons, on the other 
« hand, are practically immune to capture because of the Coulomb repulsion 
from the atomic nuclei; hence for the positive mesons decay is veiy much 
more probable than capture. 

From these considerations and Rasetti's expeiimental findings, one can 
conclude that only positive mesons decay radioactively, and that the 
negatives are preferentially captured by atomic nuclei and there, as a mle, 
produce nuclear transfoi-mations. Thus foraiula (3) refers only to positive 
mesons, and in it x refers to the equilibrium ratio of decay electrons to the 
positive mesons. At sea level the number of decay electrons amounts to 
about 18% of the mesons, according to Bopp’s discussion in Chapter 9. 
Since somewhat more than half of all mesons at sea level carry a positive 
charge, the quantity k evaluated from the intensity of the soft component 
is about 0.3. From this it follows from equation (3) that: 



^ 2 


i0~“sec. 


This number lies in the middle between the measurements by Rossi and 
•Hall and those by Nielsen, Ryerson, Nordheim, and Morgan, and by 
Rasetti. 

As regards the concept of radioactive decay of the meson outlined above 
there is .still lacking one essential point of experimental confirmation. If 
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the negative mesons are, as a rule, captured by atomic nuclei, then they 
must excite a form of nuclear transformation in which the enthe rest energy 
of the meson (about 100 MeV) can be made available for heating the nucleus 
and evaporating nuclear particles. One should, therefore, regularly see at 
the end of a track of a negative meson in a cloud chamber, a nuclear trans- 
formation with frequent emission of several protons. Thus far no observa- 
tions of this kind have been reported. 



9. THE DECAY ELECTRONS OF MESONS 

By Fritz Bopp, Breslau (t.einporarily at Berlin-Dahlem) 

The soft component E (electron component) of the cosmic radiation 
contains at sea level, in addition to a slight residual R of cascades (see 
Chapter 1, Heisenberg), a secondary radiation derived from the penetrating 
component M (meson component) and made up of several parts of different 
progeny. The mesons can produce secondary cascades, first, by knock-on 
intei-action with the irradiated matter and second, by jS-decay. (Euler 
and Heisenberg (E 7)) (knock-on component TT, decay component Z). 
In what follows there will be described some recent attempts which seek 
to determine the Z-component. 

Fundamentally, any measurement is adaptable to this purpose if it 
displays the instability of the meson, because, as was shown by Euler and 
Heisenberg (E 7), there is a close connection between the intensity of the 
decay component in rdation to that of the mesons and the mean life tq 
of the stationary meson. Wick (B 8) and his collaborators have derived 
this relation, independently of the restricted assumptions of the cascade 
theory, on the basis of the postulate invoked by Williams, (W 10) namely, 
that finally the total energy transferred to the decay electrons — in the mean, 
therefore, half of the meson energy — ^must be transformed into work of 
ionization. If one introduces the fact discovered by Rasetti, (R 1) that 
only half of all mesons decay (cf. Chapter 8, Heisenberg), this equation 
becomes 



Here is the rest energy of the meson, a is the energy lost by ionization 
per cm. of path in air, and T is the depth below the top of the atmosphere 
in cm. air equivalent (referred to the density of air at the place of observa- 
tions, thus r = 7.5 • 10“ cms.). 

The first term gives the portion from the moving mesons, and the second 
term is from the mesons decaying at rest after they have been stopped. 
The value of a, at the ionization limit = 0.15 • 10®eV, appeare to be a 
useful mean value for the ionization loss, since the energi^ of most particles 
in a shower lie in the vicinity of Ej. According to Bethe (B 11 and B 26), 
for this case a — 3000 eV /cm. in air at normal pressure. In equation (1) 
no account is taken of the fact that decay electrons at the place of observa- 
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tion arise from mesons whicli have decayed on the average a few radiation 
units higher up. This must increase the ratio ZjM. On the other hand, 
only particles which are above a certain energy are detected by a coinci- 
dence arrangement, a consideration which diminishes the number of 
effective particles. Wick and his collaborators (B 8) believe that the 
latter effect predominates so that equation (1) should give too large rather 
than too small values. 

According to recent measurements of the anomalous absorption of the 
hard component by Nielsen, Eyerson, Nordheim, and Morgan (N 6) (of. 

Chapt. 8 Heisenberg), the very low value, — 1*25 microseconds, 

was given for the mean life of the meson, so that according to equation (1), 
with = 80 MeV, one would expect for the decay component Z/M *= 
24%. Other measurements give, in the main, higher values for the mean 
life, up to 4.5 microseconds, and lead to values of Z/M all the way down to 
about 5%. The higher values agree qualitatively with those to be ex- 
pected from the anal3^is of the soft component at sea level. The measure- 
ments by various authors (for example Auger, Leprince-Ringuet, and Eh- 
renfest (A 8)) give approximately E/M = 30%. According to Euler (E 3 
and E 4), the portion of decay* electrons should be of this same order of 
magmtude, since, according to the cascade theory, there should be prac- 
tically no primary electrons at sea level, and since the knock-on electron 
component W may be regarded as sma ll (Auger and Rosenberg (A 12), 
Bemardini, Cacciapuoti and Ferretti (B 8), Grivet-Meyer (G 9), Wilson 
(W 14), Santangelo and Scrocco (S 1)). 

Siegert (S 17) has attempted to determine the intensity of the latter 
independently of the decay component. Behind layers of matter of suffi- 
cient thickness the Z-component is reduced by absorption to a small 
residual arising from the decay of stationary mesons, so that practically 
the only remaining electrons are the knock-on electrons produced in the 
absorber. Their intensity agrees satisfactorily with that of the knock-on 
electrons in air if the atomic numbers of the absorber and of air are taken 
into account. Siegert’s measurements give for the soft component under 
the open sky E/M = 31.6%, and behind a layer of water 3 radiation units 
thick he gives E/M = 20.6%. The first value agrees with those of other 
authors (Nielsen and Morgan (N 4), Stuhlinger (S 23), Street, Woodward, 
and Stevenson (S 22), Auger (A 7)) within the limits of error. The second 
value is not in agreement with other measurements if it is assumed that 
the water layer used was thick enough to absorb all of the decay electrons; 
b ehin d a layer of stone four times as thick Wick (B 9) and his collaborators 
obtained only a 6% knock-on component instead of the 20% cited above. 
It was also reported by the same authors that Santangelo and Scrocco 
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obtained the same value behind twice again as great a thickness. Meas- 
urements by Pomerantz (P 4) are also in agreement with this value. Only 
Alexeeva’s measurements (A 2) made with absorbers 4 to 6 radiation units 
thick check with those by Siegert. 

Prom examination of the various data it must be concluded that a consid- 
erable fraction of the decay electrons can penetrate through shields from 
3 to 6 radiation units thick. In fact, one might expect only a small degree 
of absorption in shields that are not too thick since the spectrum of the 
decay electrons falls off only inversely with the first power of the energy. 
A calculation on the basis of the cascade theory (Bopp (B 30)) gives about 
a 40% penetration through a water layer 3 radiation units tiiick. The 
fractions obtained for the decay and for the knock-on electrons — as usual 
neglecting the residual primary electrons — are 

ZIM = 18.5%, TP/M = 13.1%, (2) 

values which appear to agree rather well with the above measurements. 
Moreover, Alexeeva’s measurements (A 2) fit in with these considerations. 
However, his conclusion regarding the relatively strong absorption of very 
thin layers hardly applies to the medium thicknesses exclusively used by 
him. According to the cascade theory a relatively rapid decrease of in- 
tensity or, under certain circumstances, a similar rise of intensity, can take 
place until an equilibrium characteristic of the material between particles 
and quanta is reached. 

In the above analysis of the soft component the assumption is made that 
the intensity of the piimary cascades is practically zero. This is based 
upon the following considerations: In the first pla.ce the theoretically cal- 
culated latitude effect of the primary cascades at sea level amounts to 
only 1/10 of the observed latitude effect of the hard component. Empiri- 
cally, however, the latitude effect of the soft component agrees approxi- 
mately with that of the hard component. In the second place measure- 
ments by Bowen, Millikan and Neher (B 32) show that the cascades of 
electrons in a narrow baiid of primary energies have in the upper atmos- 
phere an intensity variation which agrees almost exactly with that derived 
theoretically. The excess of intensity at sea level must, therefore, be of 
secondary origin. In the tliird place, according to Euler (E 5) one can 
evaluate the intensity of the E-component (residual primary electrons) 
from the frequency of large bursts since extensive showers and the large 
Hoffman bursts arise from the residue of very energetic primary electrons. 
This turns out to be negli^ble. 

Bemardini, Cacciapuoti, FeiTetti, Piccioni, and Wick (B 9) have at- 
tempted in the above mentioned work to confirm this indirect conclusion 
by direct measurement. They determine the intensity of the soft oompo- 
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nent at sea level under the open sky and on a mountain behind an absorber 
which compensates for the thickness of air between the two stations. The 
excess of intensity at sea level should be equal to the intensity of the decay 
electrons created between the two stations and, in general, equal to the 
intensity of the .^-component if the thickness of the absorber is enough to 
prevent any of the decay electrons produced above from passing through. 
The authors discuss the results of their measurements on the basis of the 
latter assumption, which, according to the above analysis of the various 
determinations of the TT-component, may not be quite right. In the 
following analysis the results of calculations on the absorption of decay 
electrons (Bopp (B 30)) will be used. 


Table 1. 


in % j 

A j 

B 

C 

Valley Station . . 

26.0 

22.5 

33.3 

Mountain Station 

26,2 

31.1 

51.6 


The results of investigations by Wick and his collaborators are shown m 
column A of the above table and may be compared with the measurements 
by the Duke University group (Nielsen, Ryerson, Nordheim and Morgan 
(N 6 and 6)) taken under exactly similar conditions and shown in columns 
B and C (cf. Fig. 1). The latter measurements were carried out for another 
purpose (cf . Chapt. 8, Heisenberg) but they provide a measurement of the 
fraction of the intensity due to the soft component and are, therefore, 
useful for determining the intensity of the decay component. At least 
they are useful as a critique of the first work. The important data regard- 
ing the conditions of the two experiments are shown in the following 
synopsis. 


Table 2. 


Measurement 

A 

B 

C 

Valley station 

Rome 50 m 

Durham 123.5 m above sea 

Mountain station 

Cervinia 2050 m 

Mt. Mitchell 2040 m 

Coincidence anangement . . 

Threefold 

Fourfold 

Compensating absorber . . 

170 g/om* earth 

204 g/cm* graphite 
(mass equivalent) 

Sidewise screening 

no 

1 no 

1 yes 


The layer of earth was a little less than the mass equivalent of air to com- 
pensate for the higher atomic number of earth with respect to air. 
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Contrary to expectation the percentage of the counts due to the soft 
component at sea level is not any larger than at 2000 m. Whereas Wick 
and collaborators assume that the differences to be expected on the decay 
hypothesis are covered up in the errors of measurement, the comparison 
wiih column C suggests the explanation that the counts at the greater 



heights are appreciably falsified by sidewise showera. That also agrees 
with the findings of Cocconi and Tongiorgi (C 6), according to whom the 
sidewise showers can amount to as much as 30% at 2000 m. even with 
fourfold coincidences. One remark in the paper (Nielsen, Ryeraon, Nord- 
heim and Morgan (N 5 and 6)) rejecting the assumption that sidewise 
showers are influential, probably concerns only the measurement of the 
hard component which was the real objective of their work. This is also in 
agreement with the measurements by Cocconi and Tongiorgi, who have 
established the fact that the influence of sidewise showers decreases as the 
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thickness of the lead absorber is increased. The difference betweeii the 
results in columns A and B of Table I may be attributed to the low pre- 
cision of the measurements under B which served only as exploratory 
investigations. The deviations here are no gi’eater than those between the 
individual measurements for which the mean value is given under A. 

So far as is generally possible under the circumstances described above, 
only the measurements of Bemardini, Cacciapuoti, Ferretti, Piccioni, and 
Wick (B 9) will be used in the calculations. To take account of the side- 
wise showers one can in a somewhat rough and aibitraiy manner reduce 
the measured values taken on the mountam by about 20% as suggested 
by the data of Cocconi and Tongiorgi. The contribution from decay elec- 
trons produced between the mountain and valley stations is thus AZ/M ~ 
0.042 db 0.042. After taking account of the mean statistical errors one, 
therefore, obtains as the statistically determined upper limit AZ/M = 0.10. 
An evaluation of the total decay component can be obtained from the 
following intensity balance. If Z is the intensity of the decay component at 
sea level and if Z' = 7Z is the same quantity at 2000 m. above sea level, 
then it follows that 

Z = oryZ -h AZ (3) 

where a is the fraction which penetrates the inteimediate layer of air, and 

Z = (4) 

1—07 

According to a calculation by Cacciapuoti (C 1) and measurements by 
Cocconi and Tongiorgi (C 5), 7 has a value between 1.6 and 2. For the 
transparency of an air layer of 2000 m., or 5.2 radiation units of thickness, 
our calculation (Bopp (B 30)) gives a ~ 0.3 and the contribution of the 
decay electrons amounts to 

Z/M = 10.6 db 10.5%. (5) 

The expected value thus lies within the statistical fluctuations. 

The real uncertainty of the value is stiU greater than these fluctuations 
on account of the uncertainty in the approximations of the corrections. 
Probably the influence of the sidewise showers is still underestimated, since 
the measurements by Bemai*dini, Cacciapuoti, Ferretti, Piccioni, and Wick 
were’ made with only 3-fold coincidences. But a change in the other direc- 
tion cannot be* ruled out. In the latter case the Z and W components 
would not suffice to make up all of the particles of the soft component, 
and there must still be an appreciable primary residual R at sea level. 

The observations of Wick and his collaborators, which were said to show 
qualitative proof of the existence of an appreciable R-component, are, 
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on the basis of the foregoing remarks, no longer unconditionally conclusive. 
In the first place the fact that the Rossi curve taken at Cervinia under 
170 g/cm.^ of earth still shows a pronounced maximum can be explained, 
at least partially, by the unabsorbed fraction of the decay electrons. In 
the second place, the rapid rise with height of intensity of the soft compo- 
nent relative to that expected for the decay electrons can be tied up with the 
sidewise showei’s. Only the measurements by Cocconi and Tongioi^ (C 6) 
give results free from objections and showing a contribution of the JK-com- 
ponent at sea level. These measurements show a decrease of the relative 
contribution of the soft component with increasing zenith angle at both 
120 m. and 2200 ni. above sea level, whereas the W and Z components 
must remain constant. The value of 6.5% computed from their measure- 
ments for the R-component is in agreement with Euler’s estimates (E 5). 

In smnmarizing, it can be stated that the foregoing actual determina- 
tions of the Z-component do not contradict the values to be expected from 
the decay period of the meson. Yet the precision of measurement is so 
low that the presence of an appreciable contribution from primary electrons 
cannot be excluded, even at sea level. A direct determination of the 
primary residue is in agreement with the estimate of its intensity based 
upon the frequency of the large Hoffmann bursts. As the most probable 
values of the various contributions, we may write 

Z/M - 18%, W/M - 5%, R/M - 6%. . (6) 

The first value can very well be too high. 




10. THEORY OF THE MESON 

By 0. F, V, Wbizbacker, Strasbourg 

1. Ftmdamentals 

It is well known that as early as 1935 Yukawa (Y 2-6) postulated from 
nuclear physical considerations the existence of a pai*ticle which would have 
the same properties as those which now, on ^e basis of experiments, 
we ascribe to the meson. For the theoretical description of the meson we 
will, therefore, begin with Yukawa, and to this end we review briefly the 
status of nuclear physics as it was before Yukawa’s theory. 

The atomic nuclei, which consist only of protons and neutrons, can emit 
eithei' electrons or positrons by /3-decay. In order to clarify these facts 
the following elementary process is postulated: A neutron can transform 
itself, under suitable energy assumptions, into a proton and an electron, 
and conversely a proton can be transformed into a neutron and a positron. 
As a consequence of this process there should exist, according to Heisen- 
berg, “exchange forces” between protons and neutrons. If a neutron in 
free space is transformed into a proton and an electron, then the electron 
can either go off into free space or unite again with the proton to form a 
neutron; but if there should be another proton in the vicinity of the original 
neutinn, this can unite with the electron to form a neutron. Then, in this 
process, the original neutron becomes a proton, and the proton becomes a 
neutron. With this exchange of charge there must be associated a force 
field between the proton and the neutron. This is perhaps easiest to see if 
one thinks of the wave picture of the exchange electron rather than of the 
corpuscular. It can Ihen be said: the neutron in its transformation excites 
a field, namely, the ^-function of the electron, which now acts upon the 
neighboiing proton. The most impoi-tant qualitative distinction between 
this effect and the electromagnetic interaction of two charged pai*ticles 
consists in the fact that the interchange of charge behaves, as can be shown, 
in such a manner that the nuclear forces liave the empirically required 
property of saturation. 

This hypothesis was developed into a quantitative theory by Fenni in 
his theory of /S-decay. Fermi assumed, as did Pauli in an older theory, 
that in /S-decay there is emitted simultaneously with the electron an un- 
charged particle, called the “neutrino,” which has the spin 1/2^ and obeys 
Feraii-statistics. In this manner he provided for the conservation of 
energy, angular momentum, and statistics in the decay process. Likewise, 
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the jS-decay process became amenable to quantum mechanical calculations. 
The field of the light weight particles, that is, the wave functions of the 
electron and neutrino, likewise gave a calculable interaction between the 
proton and neutron. 

Unfortunately, however, this interaction was too small by a factor of the 
order of magnitude 10^^. This was not basically surprising because the 
postulated elementai'y process of jS-decay is an extremely improbable 
process when thought of in teims of normal nuclear phenomena. The 
shortest known decay period of any j8-radiator is of the order of one second, 
that is, about 10^° times longer than the time which a particle normally 
requires to traverse the nucleus. It is understandable that such a rare 
process should not result in an appreciable interaction. 

In order to avoid these difficulties Yukawa retained the assumption of a 
special field for the nuclear forces but gave up the identification of the 
jS-electrons with the particles associated with this field. Furthermore, he 
tried to fix up the properties of the field in such a way that they would 
yield the correct empirical values of the nuclear forces. Now, however, 
the /3-decay remained unexplained. Hence Yukawa introduced the addi- 
tional hypothesis that the “Quant” of the nuclear field, which we now call 
the meson, is itself unstable as regards disintegration into an electron and a 
neutrino. In this way a new constant of nature was brought in, namely 
the decay constant of the meson, which could be so chosen that the order 
of magnitude of the i8-decay period would come out right. For review we 
list together the various processes, according to both theories, and designate 
the various particles as follows: P = proton, N — neutron, ^ == meson, 
e = electron, v — neutrino 



Fbbmi 

Yukawa 


f Initial state 

Ar + P 

N -hP 

Exchange Force : ■ 

Intermediate state . . 

P+c+v+P 

P + + P 


[ Final state 

P + N 

P -\-N 


f Initial state 

N 

N 

l8-deoay: | 

Intermediate state . . 

— 

P + M 


^ Final state 

P + C + V 

P e V 


Since, according to Yukawa, the j9-decay is a double process (1. creation of a 
meson, 2. decay of the meson) its small probability is conceivable without 
too extreme assumptions regaining the value of the meson decay period. 

We still have to consider the question of the charge of the meson. Since 
in jS-decay not only electrons but also positrons can be produced, there 
must be both positively and negatively charged mesons, as is also confirmed 
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tile e xp er lm entB "with ooflmio rays. • To olarify nuolear forcea ouo must 
aiiparently postolAte the eodstenoe of neutral mesonsj for it la irell 
known that the same force exists between two protons or betwesn two neu- 
trons as that between a pioton and a neutrom If there were only charged 
raoeonsj the foroe between two protons oould be explained only by a double 
exchange, in which eaoh proton emits a meson and then absorbs the meson 
emitted by the other proton. In the usual approximate oaloulation of 
this Idnd of force field, any pitMOBS is represent^ by an approximation of 
the same order as the numbn* of elementary prooesses of which it may be 
thought to be oomposed; if the oaloulation is to oonverge, this double 
exchange proooss should take place lees frequently than the shigle one and 
the empirioal oharge-independanoe of nuclear forces would be unexplained. 
However, wo will show, a little further in the dismission, that the approxi- 
mate oalimlfttionH mentioned diverge and the oonohiaion is not assured. Yet 
it stiU remains remarkable that two essentially differmit prooesses should 
le ad to exaetiy the same force. On the other hand, if one assumes the exis- 
tence of neutral mesons these can lead naturally to a force between similar 
paiiioles by a simple exchange: a proton onits a neutral meson and remains 
a protoiiT-another proton absorbs the neutral meson. 

The atmpleat assumption for the theoiy of nuolear forces would bo that 
there are no charged ^t only neutral mesons. Thus tiie force betwoeu a 
proton and a nentzon can be supplied by a neutral meson; the lack of 
dependence of nudear forces on charge can be most simply explained if 
the oarriers of the force field have no charge (^'neutral theory^'). Another 
possibilHy C'symmetaHo theoiy') is to ascribe to each particle an equal 
probability for the emission of charged and neutral mesons and tiien to 
choose the sign of the exchange energy bo that, by suitable suparposltion of 
effects of the vaiioua kinds of mesons, the ohaige independenoo will again 
oomo out. The neutral theory, however, oontradiots Yukawa's basic 
assumption ainoo it again reUnquishes the oonneotion between i9*deoay and 
cosmic radiation. However, we will partially develop tills theory in wbat 
follows as the simpleet model of a meson theory from which the symmetrical 
theory departs in only a few additional details. 


2. Scalar Theory 


In order to come to c[iiantitativo statemontej an aasumptlon must be 
made about the field equations satisfied by the field of the nuolear forces. 
As the Bimpleet equation we may consider the usual wave equation: 


ATT 1 

?«r 


0 . 


( 1 ) 
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This equation must be valid in empty space, that is, in a space which oon> 
taina only the nudear field (or in other words only meeans) but, especially, 
no protons or neutrons, since these are sourcee of the nuol^ field. If one 
extends the equation In the manner in which we develop it below in section 
8, by equations which desciibo the interaction of mesons witii protons and 
neutrons, then the field intensity U toms out to be the potential of the 
exchange forces produced by tiie mesonfl. 

The spherically synuncttiool solution of equation (1) with a angularity 
at the ori^, which, therefore, should represent the nudear field around a 
proton or neutron, is the wdl known Coulomh potential 


This potential, however, cannot bo the right one since all characteristic 
propeiticB of the nudeus (saturation, validity of the Coulomb law up to the 
nuclear boundaiy) show that the nudear force falls off rapidly with djstance, 
Bquation (1) must, therefore, be altered As the simplest alteration 
Yukawa chose the addition of a term proportional to U 




1 a’y 


- k'V - 0 . 


This equation has, as one can oodly verify by substitution, tho sphorloelly 
symmetric solution 

(4) 

where g is an arbitrary constant. This potential law now has the desired 
property of short range. Tho experiments require that 

2 • 10“”cm. (6) 

What significance does tliis have for the physical properties of the nudeusT 
In answer to Hub queetion we consider the partldos associated with the 
fidd U, Equation (3) can bo regarded os tiio relativistic 8dir6dlnger 
equation (Klein'Oordon'oquation) of tiie meson. If one writes the rolativ- 
istic relation between energy and impulse In the form 


-p’ + f)’-MV-0, (6) 

and then replaces and B, in accordance with the quantum ineohanica 

pnWption, by ^ grad and rospoctlvdy, tvnd divides by fl*, am 

t 1 or 
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appliaB tile operator thua fomed to C/, one obtains precisely the equation 
(8), where now 



Since is the rest mass of the partlole conaid^^ c"' is the Compton wave 
of the meson. From (5) it follows that 

H » 200 electron masses, (8) 

a prediction which was confirmed by observations on the cosmic rays. 

Neverthelem, the theory in the foregoing fonn still cannot be ri^t The 
experimenta show, for example, that the potential depends strong upon 
the relative apin orientation of the nudear partiolea. A theory like the 
foregoing, which has only a scalar Add intenalty, cannot repreaent its 
direbti(msl dependence. We, therefore, preaent all available details of 
the vectorial form of the theory which ia the moat complete, at preaent. 


3. Vectorial Theory 

■The oonatant changing over from one arbitrarily chosen wave equation 
to another mi^t give rise to the impresaion that the theory oondata only 
of ad hoe aammptiona and oontahiB exactly aa many hypotheaaB as there 
are experimental facts to be explained. For such reasona, in fact, the theory 
at first received little attention, and it was all the more surpriaing when Ita 
fundamental oonoepta were brilliantiy confirmed by cosmic ray experimenta. 
In this regard wo can throw some li^t on the situation by the remark that 
the freedom of choice of arbitrary wave equations ia very much less than 
would at first appear. If tlie number of apace componontB which the wave 
functions should have is establiahed, then the various invariance require^ 
ments which the equation must satisfy allow only a very restricted ohoioe 
of poesibilitiBB. 

From the nature ci the spin dependence of the nudear forces, it follows 
that the fidd intensity mu^ be at least a four-vector. Spin dependence 
of an exchange force means that In many oaaee not mily the charge but also 
the spin of the proton and neutron are exchanged. Thus, if, for example, a 
neutron of spin + l/2ft transforms itself into a proton and a meson, it 
must be posdble that the proton remahiB with the apin —1/2U] from the 
law for the oonservaticHi of momentum it follows that the mason 

must cany the spin 4* IA. Since the exchange interaction is provided 
easentially by mesons for which the orbital momentum is lero the msaon 
must have an actual spin of 4- 1 A, analogous to the li|^t quantum. A pai^ 
tide of this kind requires for its description in the wave picture at least a 
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In place of the othfM* M»wellian equations we write 

( 14 ) 

or,, written out: 

div 8 + *•* « 0, 

o«rl«-f|+/a-0. 

Hieae equations differ from the Maxwellian by the term in «*, It may bo 
remarked on the side that in this theory the Ijorents oonventiem: 




results immediately by differentiation of equation (14) with respect to x# • 
The phyaioal meaning of the (’•'term beoomea most apparent if one substi- 
tutes for xm in (14) fron (11) and takes aoeount of (16): 

1 .. ^ 

Ai - -i 0, 

® • a7) 

4* ic'K-O. 

That is, the Kleiu-Gordon equation holds for each of tho four field oompo- 
nenta individually, and the k* term expresses, as in the scalar theory, the 
existence of a rest moss of the meson. 

The analogy with the theory of light is complete if one stipulates that 
all field oompanonts arc reoL Then the theory describes a single kind of 
particle and beoomes adapted to the representation of neutral mesons. 
However, tf ^ and x are allowed to be complex, and if along with equations 
(11) and (14) the oonjugate complex quantities are included, 

(ll*) 

ax. ^ ^ 

and * 

04*j 

then one liaa to a certain extort two independent sets of wave funotionH 
io and ^ and any linear oombinations. The expression corresponding to 
the space density is then, as in the Klein-Qonlon equation, no longeo.* 
uniquely defined, and in this feature one oan see, as Pauli and Wdsakopf 
(P 1) have shown, a description of the emission of two kmdfl of partlcleH 
with oppoeito charge. The oomplox theory, therofore, represents .charged 
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4. Interaction with Ntioloar 2£ttt8f 


Tlw nbovo equations rqircsont the behavior of mesons in vacuum* For 
tho litMvttnont of thoir interaction with matter let us a gain start out from 
thci fvnnlogy to tho Maxwdllon theory. Just as above, we oonstniotetl a 
theory of tho meeoti field, t^t is, we overlooked the fact that the 
Hold intODHltiQB ^ and x are not ordinary numbers but are opcmtois, so now 
wo ttxiat tlio intoroetlon only in tho olaaeioal approximation; at a later stage 
In the disouKdon Uio inlioront Oarge) eirroia will bo mentioned. At first tlu> 
avRumont Ir llmitod to noutral mesons. 

The eLootromnenotio field ejudted by a charge density p and a current 
denaity [ may be calculated if one puts on the li^t aide of (14) the foui^ 
vector with liio oompononts 4 tp, 4irl/c. In the same way wo slmuld like 
to onlcuUito tho meson field oxoltod by nudear partides. Thus wc make p 
\)roportlonal to the density expression ia the wave function of the 
intolefu* p{U'tiolQe)i and l/c prop)Ortioiial to the aaeodated current expression 
Tho proportionality footor p, having the dimentions of a ohaigCj 
moRSUTcs tho sbrongth of tho meson-excited interaotion between nuclear 
particluH Olid meson field, Just as in tiia radiatitm theory the elementary 
eluvrgo e mcnauros the interactifMi of matter and radiation. CAs a further 
fnolor for ohai'^xl m(»ona an operator Q comes in which, for example in the 
oxoitabion of a negative meson, changes tho wave function of a neutron Into 


Uiot of a proton). ’ . 

Sinoo tho forew ore to bo essentially dependent on spm, this statem^t, 
which is exactly analogous to the fidd excitation by pu^y dcotneal 
ohiwgi*. in not at aU aatiafaotory. However, we are free to ^ 

(11) a six-vootor wWoh oorreeponde to tho rfwt ol a maenetk ^ 
lui imn^ary dootrionl dipole). The way m * tensOT of thta l^d n 
to 1 m buUt up from wave functions by meaM of 

18 aliown by tiw following formulae. equa- 

portlnnoUty factor / with the (Hmenmone of a charge. Finally these equa 
tiona rood as follows 

div C + I** - ^Pi I 




a + gmd * + - '^*1' 


9t I- [Ji'fiih I 


S - curl 11 - 


SW - 
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Tlie rooiprooal length x must entei* in the denominator of the last two equa- 
tions in order that the faotor //« may have the dimensions of a dipole mo- 
ment In the Umlting case of the radiation theory, not only k but also //if 
are equal to sen). 

We now limit ounelvee to ncm-relativlstio effeots for the heavy partiolos, 
i.a, to effects in which the matrix proportional to r/c, may be neglected. 
Thm t and 91 disappear and, analogous to (17), we obtain 


A* — i i * "4 tp, 

0 

A«- jS- ic'a-^ourlSK. 


(19) 


If a doislty distribution p(t) and a momentum distribution 91?(t) of the 
nuclear paitioles are assigned, one can solve the equations (19) analogously 
to the eiootroetatio case and obtain for the field distribution: 


4<t) - I rfr' i " 

■' t - r' 


9. 

r 


i 


m 


f 3 , ourl 9»{t^) ,1 I, 



(80) 


Hero the approidmations given by the expreasiona at the extreme right refoi’ 
to distances r from the exciting nuclear particle, which are large compared 
with the apace in which p and 9R differ appreciably from lero. Furthermore, 
the mean moment vector of the nuclear particle is 

8 ■- dr' ^ dr' (31) 


If we now seek the force whioh a nuclear particle exerts on another nuclear 
partiole by means of the meson field, in the statistical approximation to 
which we here confine ourselves we can eliminate the meson field entirely 
and reckon only with a potential energy dependent upon the position and 
spin of the heavy particles. In order to (^oulate this we first need the 
expreseijan for the interaction energy between nuolear particles and the 
matter-field. It can be derived in a fashion exactly analogous to the pro- 
cedure in the Maxwellian Theory (of. Bethe) and is given by 

u- I Iir{p4 - ^tH) + (22) 

we skip over the derivation; the two terms important for our purposes aro 
self explanatory, the first term of the integrand p4 (l.e. the energy density) 
by tiectroetatlo and the third teim 1 /k(S 11$) by magnetostatic analogy. 
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If a field ®i,$i excited by particle 1 acta upon a particle 2, tihen, Of t* 
1 ti - »• I ) 


in \^oli 

«.(t0 - ^ a»,(ej - ourl 
Expanding (24) we finally get: 


- i; + V, + y. 

^ “ OlOi —I 

yi ^ g “Jp*! 

V, - N. + ^ + |X-« 


(M) 

(84) 

( 86 ) 


This potential has one very disadvantagoous praporty. The expinnioii Vt 
oontalna terms which at r 0 diverge like l/r’ and l/r*. Whereas a diverg- 
ence like 1 /r (Coulomb field) la well known to present no difficulties quantum 
mechanically, no stationary states exist in a potential which diverges more 
strongly than 1//. The reason for this con be eatily explained on the basis 
of the Indotermination principle. If a particle is restricted by means of a 
potential to a space of approximate diameter r, then it pooBessoB an unde- 
termined momentum of tiie order of magnitude h/r and lienoo a kinetio 
energy which is proportional to l/r*. If now as r becomes smaller the poten- 
tial energy increases leas rapidly than l/r*, then there must be a value of r at 
which the kinetio energy exceeds tiie potential energy; thus, if the partiole 
were to be limited to a still smaller space, It could nol be held by tihe 
potential. This oritioal value of r gives approximately the extension of the 
wave function in the lowest stationary state. If the potential energy in- 
creases more rapidly than l/t^, it gets larger and larger in comparison with 
the kinetic energy as the distance is reduced; thus the particles must 
approach one another doser and closer without limit (wll^ radiation of 
the kinetio energy acquired by acoderatiou), and there exists, in general, 
no lowest stationary state. The empirical existence of nudei with a fixed 
radius, therefore, ^wb that (26) cannot r^resent the correct potential. 

This difficulty is not accidental. Furthermore, it is bound up with the 
fundamental problem of any theoiy of this Wnd, as we remark at the end 



106 


C. P. T. WmaXjcuuut: 


Qftheohi 4 >ter. Many times, however^ one has hod tho hope that the reeults 
of the theoiy would be for auffloiantly great parti^ distanpee, and 
in the hi^ of a future reotifloation of the prooees the potential has been 
out off at a definite small distanoo. The oonBequonoeB of a prooees of tluB 
kind are treated in following ohi^ter by FlQgge. 

We now evaluate the absolute magnitude of the foroe constant, jc has 
already been determined in Beotian 2 from the range of the nuolear foroes. 
0 and/muflt follow from the strength of the nuolear forces. The dotsnninar 
tion is admittedly very inaoourate, slnoe, with the diverging potential, ope 
can get any value he pleases for the binding energy of the atomio nuolous, 
regardless of the vahio of the force canatant; it is required only to moke a 
suitable oholoe of the radius at which the potential is out off. The determi- 
nation beoomcB possible, however, if one also tokos aooount of the slie of 
tile nuoleuB. If, for eacample, a very small foroe constant is ohoeen, then it is 
neoessaiy to go to veiy small radii to obtain sufficient binding. Tlie 
eigenfnnotions of the portioles bound by this force will differ from xoro only 
over disiances of the order of magnitude of this small out-off radius. It is, 
therefore, neoesaary to demand that the cut-off radius bo not much smaller 
than the radius of a li^t weight nucleus; in this way a oonditlon is placed 
upon g and /. In the special case whei'e it is assumed that i/ ^ 0 (MUgge 
remarks on this hypotheeie of Bethels in Ghopt. 11 ) it results that 

£ “ 0.08. (26) 

/ is then about three times greater than the elementary oloctrio ohargo 
0 («V»c - 0.0073). 


5, Theory of /S-decay 

The theory of /3-deoay is important because it provides a nuwiw of calcu- 
lating from the obeerved periods of ^-dooay the mean life of the meson 
which can then be oompaied with the results obtained from ooemio ray 
experiments. The fu ndamen tals of the calculation are outlined below ao- 
omding to the method of Bethe and Nonlhoim (B 18). 

The interaotion of the meson with 14^t-wei|d^t particles (electrons and 
neutrinoe) can be dealt with . in a manner analogous to the treatment of 
their interaction with heavy particles (protons and neutrons)... In /^ooay 
a mesoa is emitted from the heavy particle by a process in which a neutron 
disappears and aunultaneously a proton is created; then almilariy thia 
meson is absorbed by tiio light-weight particles with the creation of an 
electron and a neutrino, Formally, tlio analogy can be niodo oyon olosei'. 
If the neutrino is treatod by the Birao equation, then, justTaa the positron 
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is rdated to the eleotroiit so there u a (Kmterpart to theneutrioD called the 
onthieatrino. JuBt as the creation of a positron Is described as the disap- 
pQuanoe of art dectron of negative energy, so also tihe creation of the anti* 
HAitrino is represented as the oanoellation of a nofutrlno. Booause of tiKo 
aymmotry of omission and absorption the same intoraotion which allovvs for 
the simultaneoUH creation of a neutrino and an electron can also allow for 
their shnultaneous disappearance. The latter is eqaivalQiit to the areation 
of an antinoutrino and a positron. This is the way the positroii decay is 
deacrlbed in the Fermi ihoory of ^eoay. Now, moreover, wo have a 
heQ hand in deciding which of the two kinds of noatrinos shall be dcslg* 
Dated the neutrino and which tlie antinoutrino, and it hsA been agreed to 
coll the particle creatod shnultaneously with the poritron the neuU'iiio. 
It may be noted that, formally, the number of li^dit-weight partiolos remains 
constant: when a neutrino t^ppoars, an dootron of negative ctnergy dieap* 
pears; when on dootron appears, a neutrino of negative energy disappears, 
^^ecay can then be briery described os follows: A neutLon is oonvertod 
into a proton with tho emission of a meson, and a neutrino of negative 
enea?gy is converted into on dootron with the absorption of the same meson. 

This ability of the Ught*wd|^t particles to emit and absorb mesons is 
taken into account, in equation (18), by adding to tho donslty-ourront 
vectors p, I and to tiio momentum tensors W, 9Jl which wore exdtod by 
the heavy particles, similar quantities arising from the light-weight partides. 
Ihe charge must also be taken into account and we write: 


p. ** 

an. 


i. = ^ 

91 . - , 


Cava) 


Here Q is an operator whidi transforms the eigoaTuncthm of a neutron 
into that of a proton ond visa versa. In exact analogy we write for the 
li^t-wdi^it partiolos whoso wave function may bo designated by x 


Pi “ 

^,x, 


li •“ d?x* 3Qix. 

91i - iFx*/3Mx. . 


(27b) 


f and Q are now oonstants which measure the decoy probability of tho 
mason. Tho expresdona which went into equation (181) are now to bo 
replaced by tho sum of the corresponding expressions from (26) and (27): 


P * P. + Pi etc. (27o) 

If, on the one hand, we work out the mean life of a froe meson, which is 
approximatdy known from the cosmic rays, and, on tho' other band, we 
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derive the mean life of a familiftr /3-radlator, we wiU obtain two independmt 
piediotioiis of the ooDstante F and (7; in this way we can test the theoiy. 

One of the solutions of equation (13) and (16) corresponds to a plane 
wave in the theory of li^t and mpresentB the free meBon. With this and 
with the wave functions of the free eleotron and of the antineutrino, the 
matrix element Unm of the potential energy (23) can be evaluated, oorre- 
Gponding to the transition from the free meson to the eleotron and antl< 
neutrino; from this one gets the decay period of the free meson according 
to the wdl known formula. 

- = T 1 

Tji 

where a is the number of possible final states per energy interval. This 
beoomefl 



The j9-deoay of a neutron in a nucleus Is oaloulated like the exchange 
force in the preoodlng section, with the only exception that now ‘the mesons 
emitted by the heavy particles are absorbed by the U^t-weight ones. In 
the Hamiltonian function (32) the symmetrioal form i(p,^i + pi*.) ie to 
be substituted for p$, and similar prooedures are to be used for the other 
terms; here is the meson Add excited by the heavy partidcs, and 
is that oxoltod by the light-wei^t partidis. If we again nof^t U and 
SRj, a formula exactly analogous to (26) is obtained (except that now the 
assumption is not made as It was there that the density distribution of the 
two kinds of partioles Is nearly in the form of a point, and hence the spatial 
integration is not oarried out): 



Binoe the wave length of tiie created ll^dit-weaght partide is large oom- 
pared with the nuclear dimenmons, or the region within which p, and 
differ appreciably from lero, it is permissible to replace the wave funotionu 
of the licdit>wd^t partides by constant values x* (uid x** With 
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It followB Uiat 

H - ^ / { BOxic-fW-v + »/f (x'jj ?^j»))dT. (M) 

The first torm of tlie intogrand is tJie oxaot equivalofiit of Poiim's hyirotho- 
Bte; oiily by the appearance of two constants g and G is it evident that in tlie 
process two transition probabilities aro involved. The second teim oSeots a 
/T-transHlon in which the spin of the heavy porticlo can Hop over in the 
manner discussed by Qamov and Toller (Q 1). 

We compare the theory with experiment. The systematiiatiou of the 
jS-decay of li^t uuold (Qrfinblom (G 10)) reqaircs that spin reversals 
take place in ^>deoay. In particular, the timplost well known /9-Tadiator 
He* cannot decay without spin reversal sinoe wo have to asoribe the spin 0 
to He* and the spin 1 to the product nucleus li*. Moreover, a spin reversal 
in a transition forbidden in the first approximation is also poeedble with the 
purely Fermi interaction, if the lightrw^ght partioloe have on orbital mo- 
mentum. However, the decay of tho He* is too rapid to warrant Its bdng 
regarded as foibidden. At any rate, wo shall not obtain too short a decay 
period of the meson if we treat tho constant F as though it alone wore 
responsiblQ for the decay of Ho* {0 »* 0) and likowiso treat the constant/ 
as though it alone were responsible for Uie nuclear forces (fl * 0, cf. the 
preceding section) and introdUbo theso constants into equation (20) . Thus 
It follows that F*/he •* 10“’* and 10'“ see. 'This Is to bo compared 
with tho v^iie t, «■ I to 2 • 10"* soc. dotcimined from the cosmic radiation. 

The agreement of the two numbers is rotiior poor but perhai)s hotter 
than would be obtained by pure accident. Lot us ijioture to oursolves, 
qualitatively, the meaning of the above calculation . The nonnal /^-indiators 
have decay periods which extend down only to values of the order of a tew 
seconds. The decay period of tho incson in tho theory of Yukawa must bo 
shorter for two reasons. IJhst, tho meson decays immediately whereas a 
/^-radiator has first to excite a meson which then decays. (Sinoo the mass 
of the meson is so great that its exaltation is not poesiblo, oomdstent with 
the law for the conservation of energy, It can oirvloualy bo excitod only to a 
virtual intermediate state; in other words, each excitation can last for such a 
riiort period of time that the energy of tho systom coo be dotermlned, 
according to the relation of tiio indotenninney principle AJff • Af ^ A 
only to an accuracy of the order of tho rest energy of tho meson). The fact 
that /*/Jh) is of the order of magnitude 1/10, henoo not much smaller than 1, 
means, moreover, that tho meson is excited very h«quentiy; hence this 
reason for a shorter decay period of tho meson is not very important. Tho 
second reaacH} lies in tiio largo rest mass of tiio meson which ^ves the li^t- 
wei^t particles a disintegration energy of nearly 100 million volts. There 
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is thje wgU known Sai'gent rdodou between anoigy md decay period of the 
iS-radiatorj aooording to which a mideus giving a /3-ray ^ this ouergy, 
should have a decay period of ihe order of that found for the meson* The 
Yukawa arrangemont d the meson in the series of /3-radiator8 is, therefore, 
oonBistent with the eKperinaaits within tlio limits of ocouraoy with which 
the Sai^gent relaticm can be extrapolated to such liigh energies. 

Hie above oaloolation is In a scnso an attempt to cany out this extrapola- 
tion quantitatively on the basiB of the theoretical interpretation which 
Fermi has already given to the Sargent relation. In view of the factor 100 
whidh sepejatcB the two values of r,i, this attempt is regarded as unsueoeea- 
ful. The Yukawa theory in this application, os well as in the case of 
nndlear force^ is thus apparently in qualitative agreement with expeii- 
ments, but, in its present form, it is uWited to quantitative deductions. 

6, Sofltteiing of Mesons on ITuclear Particles 

For the undeistanding of the p»MftAg R of meeons through the atmosphere 
It Is important to docide how strongly they are scattered. If no foroea aot 
betrreen the meson and eleotron other than those oonHidered in the section 
on ^-deoayi the scattering on eleo^ans can be neglected (of. also Section 7 
and the 7th CSu^ter on burst excitation by mesons). The scattering on 
nudear particles eon be aoourately calculated from the theory just os the 
scattering of light by electrons is calculated. One obtains for the effeotive 
croas-seotlon of scattering 

• Q-ooost^,^, (38) 

where p is the momoatum and F is the energy of the meson. The constant 
is independent of the proton mass and larger tbqn can be reconciled witli 
the experiments. The expression differs from the effective orosB-seotion 
for the Boattering of lie^t quanta on eleotronB in that it finally increases 
quadratically with Increasing energy and that it has a finite value, even for 
infinitely heavy protons, because of Its ind^>endeao6 of the proton mnes. 
The latter is veoy surprising when it is recalled that the scattering takes 
place only by the lympaihetio vibration of the scattering particle under 
the influence of the incident wave, and hence should vanish with inlinito 
Inertia of the scattering particle. 

The explanation, aooording to Heisenberg (H 2), lies b the fact that it Is 
not the center of mass of the proton which gives rise, by its vibrations, to 
the scattering, but rathor the two inertiarless degrees of freedom, namely the 
upb and the ^'charge oooitlbate” (the freedom to be either a proton or a 
neutron). The scattering, therefore, comes b through the /-terms which 
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do not i^;»pear in eleotrodynamios. Now the oaloolated scattering is cer- 
tainly not to be reconoiled with the experiments) and we, therefore, have a 
third proof of the breakdown of the theoiy in answering quantitotlye 
questions. We now turn to the fundamental diifioultiee oonoealed in them 
faihiree. 


7. Discussion of the Dlfflcultles 

The difficulty of iho divergonoe of tho potential at small distanoes, like 
that of the lar^ eoattering oross-Beotion, can be Bummarind in the state- 
nient: The theory breaks down if mesons of too large a momentum are 
involvecL Nowj the tneohango interaction between two heavy partlolefl at a 
given separation r is produced esBentially by mesons witli wave length of 
tho order of r and with moraenUira of tho order h/r. The difficultioH, there- 
fore, mean that tho theory breaks down for a certain high momenUim or, 
what amounts to the same thing, for a cortidn small distance. 

However, a theory can be formulated, as Mffilor and Eosenfeid (M S) 
have shown, throu^ the use of additional Held quantities with other 
relativistic transfoimation properties, in which the divergent potential 
terms do not enter. There are other deep-eeated divorgenoe diffioultioB, 
which remain oven in this formulation of tho theory and Tender It of 
questionable value for giving tiie desired result. Thoso divergonoos result 
if one goes over from the classical proximation theory, which we have 
thusfar presented, to a rigorous quantum theoretical oaloidatioiL ' 

The presentation of tho theory given above treats the meson as a field 
propagated continuously in space. It, therefore, deviates oompletoly from 
the fundmentel experiment^ fact that Ihe meson appears in reality as a 
single particle. According to the general rules of tho quantum theory, tho 
partido properties of mattor are token into account if one starts out with 
the wave picture by treating the fidd quantities not as ordinary numben 
but as operators. The pertinent mathcmatloal formalitleB will not bo 
presented here, but we will attemirb to describe intuitively the meet im- 
portant of its consequences. In the quantum theory it is ouatomaiy to 
start out with the field equations in empty space, just as we did above in 
the nlaSRicol theory, and then to introduce the terms which g^ve the inters 
actions between the various kinds of prurticlcs as perturbations. The results 
of the oaloulations, for example for the potential of the oxohfuige foroes, 
have the form of a power series in the interaction oonatants g and /, of 
which the first term is that calculated abovo. Tlio higher order terms, how- 
ever, are by no means small. In tho first place, tho dimensionleBB constant 
/* /fto, whi(h functions here as the parameter for the expansLon, analogous 
to tiie fine structure constant of deotrodynamics, is not very small ocm- 
pared to unity. And, aeoondly, tho ooeffidents of thn order terms, 
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anfllogoua to the aelf-eaergy terms In eleotrodynamios, are large and in 
some oases infinite. 

What physioel prooeBsee oorrespond to the higher order terms of tho 
expansion? In the ense of the exchange forces the first tenn is the interac- 
tion. through which one meson is omitted and absorbed; the sooond term 
arises from the almiUtanoouH emlasion and roabsoiption of two mesons, etc. 
The failure of tho expansion to converge, therefoi-o, means that in tho pro- 
cess ooDsiderod many mesons are frequently created in one elementary act 
HoiBenberg (H 2) has shown that this t^es place as soon as very small 
distanoos (of the order of l/x), or high momenta, come into play. Now tlioro 
Is tho question whether this kind of '^explosivo shower” is actually to bo 
oxpectod in nature. From the thopretloal standpoint two opposite views 
have been advanced. Evidently the theory cannot bo right as long as 
divergant terms appear in it. Since the multiple prooeases described aro 
nsROoiatod witli tho divergent expressions, American authors, especially, 
have conjectured as to a correct (but unknown) form of tiio theory which 
u'ould contain no divergences and in which the multiple processes would 
not occur or, at least, only with oxti*ane rarity. This ^ew, however, does 
not say liow the divogencoa are to be made to disappear, and Heisenberg 
is of the contrary opinion, that the theory con free itself of the divergences 
only along the Uno of a oorreot description of the multiple prooessos. If 
one knorwB that multiple prooessm occur predominantly, it is inconsistent 
with the facts to start out >viih a description of the phenomenon in which 
the creation of each individual neiw particle is regarded as a small perturbs^ 
tion; It is not to be wondered that divergenoea occur in this forpiulation. 

The exact meaning of the latter 'view may be illustrated by on example. 
Heisenberg has formulated the conditions for the applioability of the present 
quantum theory: in the process considered the momentum transforred in 
the coordinate 8]n9tGm in which the center of mass of the physical structure 
in question is at rest must be lees than /xc (ju mass of tho meson), or in any 
arbitrary coordinate system the energy transfer E and momaitum transfer 
j} must satisfy tho condition 

p’ “ ^ < mV. (84) 

Otherwise there would be a high probability for the simultaneous creation 
of many mesons, a situation which is oontraty to the conditions for tho 
applioability of the usual quantum theoretical methods (and also of tho 
diveigcnoea occurring in them). On the other hand, Oppenheimer and 
Snyder have objected that in the special problem of the excitation of 
secondary electrons by meeons (of> Chapt. 7 on the buiBt-exdtation by 
mesons) the ooloulation must break down on this condition even for primary 
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onoorgies of the moeon of 10** oV, whorcae tiio Intoraxitloti temm become large 
enough for ono to expect a failure of tho approximation only at 10** eV; 
the exteoaloii of the range of validity of the formula up to 10'* oV Is In 
agreement with the experimontH. Opponlioimor and Snydor aro, thei'eforo, 
of the opinion that it is not tho oppoaranoo of small distanoos (or high 
momenta) but rather tho amount of tho intoraotion onorgy, wliich places 
the Umit on the thcones thus for proposed. Tim rei>ly to tide, according 
to Hdsenbeig, is that Uie formula may well romain valid up to 10‘* oV but 
that it will then no longer moan wliat it moemt in Uie koiiho of bho oaloulor 
tions used in its derivation: luunnly, tho pi'oba})ility that a meson exoltoH 
one secondary olcotrou and nothing more. It is more liknly from tho lai^ 
transfer of momentum that sevorol moNouH will oImi bo oxoLtod siroultaiio- 
ously with the Booondary oleotron. This is oxaoUy onologouH ^vith tho 
result of Blooh and Nordsieok (B 27), who Imvc? sliown tlmt tlio usual 
formula for the Rutherford scattering oross-sootlon of olcwtrons on charged 
particles docs not give the probahilily tluit bho oloctron will bo Koabtorod 
and that nothing else ^vill hapixai, but rathor that tho oloctron will bo 
scattered and sbnultonoously a certain iiumlmr of light quanta will Ixj 
omitted, 

All of'thoBO questions oua bo dooided only if wo pohsuhk a ctuantitatlvn 
theory of tlicac processes. An appruximaliun puwcxlun^ prtqioHed 1)y 
Heisenberg for their troatment will nub Im prcsciitod horo, but wo will limit 
ourselves to a qualitative discussion of the previously mentioned dllHcultioH 
from the point of view cuiTontly adopted. 

It is of no concern that, at small disUmoes fixjm the nuelutr pnrtiole, Uu* 
ei7q)reaBlon for tho oxchango force diverges too strongly in tlm lirst approxi- 
mation, calculated above, edneo tho liigher approximations in that calcula- 
tion diverge muoli more strongly. Tho attempt lias boon made to uho tiio 
oxpresmon for tho potential at largo distanoos and to out it off at small dis- 
tances. However, tho oxprossion bo dorivocl should huvo no quantitative 
aignifloanoo sinoo apparently thore is no exporimont in which tho potontlal 
can be tested at large distanoos indepundontly of its Imlmvior nt small 
distances. For tlie calculation of Htfttlonftr>' slati's this is hoII evident; for, 
«nc 0 , without the cutoff, there is no Btntiouary sU^to, the imfdtion of tho 
stationary statos depend entirely upon the naUiro of tlio cutoff. Moreover, 
collision experiments, o.g., those in which the dofloobion of a uuolcnr 
particle is measured when it passes by another similar partiolo at a sulB- 
olmtly large given distance, ore fundamentally unsulted to this puipoio, 
especially on accoimt of tlie exponential drop of potential at groat distanoes. 
H we wish to bo sure that bho iwiaring pai'tiolo docs not approach arbitrarily 
oloee to the other, wo must loonliso it in himujc and thereby ronounoo an 
arbitrary precision in the knowledge of its momentum. If, however, the 
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ohange of motueiitiiin eiperienoed by a particle in iia pBBsage, booause of 
the exohange forooj ia lees than the error thus impoeed upon our original 
knoirfedge of the mcanentum, obviously no knowledge of the potential oan 
be gained by thla es^periment. 

We denumstitito this goneraliiatioa by a rough ooloulation. We allow 
one nuclear portiole to fly past another at a distcuice r. In order to be sure 
that It does not fly pest at distance Oj its position in space must bo known 
with on uncertainty Ag < r, and the uncertainty in its momentum is 

4p > K (86) 

This relation applies to the momentum perpendicular to the direction of 
motion. In the diittotion of motion its velocity must be so groat tliat during 
the collision time, that is, the tiine to travel the distance AB 


A B 



which is of the order r/r, the ddewise displaoementj because of the iiaoor- 
tainty in momentum dtad above, should remain smallor than r. The un- 
known oomponent oi velocity perpendicular to the direction of motion is 
Ap/3f, and, thei'efore, it must foflow that 



The momentum p transferred during the collision time is now to be oom- 
pared with Ap. It is about equal to the average force acting during tliis 
time multiplied by the oollision time, or 


OU r ^ 
dr V V 


(88) 


where for tho sake of simplioUy the static potential U is introduced oud 1 /r 
is negieoted In oompazison with k; in other words it is aasumoil tliab the 
coHlslon. distanoo is large oomparod to the Compton wavelength of the 
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meson at which distanoo this law of foiroe begins to be in eoror. JProm (86) 
and (88) H follows that 


-E.<£.S 

fid V 




(80) 


In the limiting oase of very largo distanoos, beoauso of the exponential 
fall of potential, the momentum transfer is smell (XHnpared with ijie unoer- 
tainty of the momentum. The ratio is most favorable when t is nearly 
equal to l/<. In ordor for p/Ap to beoome greater than unity, sinoe 
(f/fie « 1/10 we must have v < c/30. On the other hand, (87) requtres that 



n 



lO* 


(40) 


so that the two conditions for v are mutually iuoondstent in the most favor- 
able caloulaUon. 

The conditions (87) and (80) may bo oombinod in the condition 

Since wc must postulate tiiat g*/hc < 1 if the theoretical separation into 
heavy partide and meson fiom which we started out, is to have any 
sense, then the only way to have a measurable field in an abstract theory 
vrould be to increase the mass ratio of proton and meson. In this manner 
the actual ImpoesibUity of a classical meson theory is tied up with tho 
empirical fact that to measure the meson held there arc no elemcatary 
partiolos of greater rest mass than tlie proton. 

What can now be oonjecturod about tho nature of tbe deviations of the 
actual force from that just caloulatod. It would be didloult to represent 
the actual force by a potential dependent upon tho ooordfaiatos of two par- 
Ucles. 'Die simultaneouB emission and absorption of several mosooB, 
leading to the ooireotion of tlio law of force, must not be limited to tw 
nuclear partiolee. For example, If several mesons can bo oreatod from a 
sin^e nuclear particle, thceo bo abeorbod by several othOT nndear 
portioleB. This kind of procem must lead to foroos which depend upon tho 
ooordinatea of several particles so that tho force between a proton and a 
neutron depends upon tho simultanoous position of all other neighboring 
nuclear particles. Tho exporimenta of nuclear physios (for example the 
binding energy of Hs*) point, in fact, in this direction, (of. eepoeially H. 
Primakofl and T. Hostein (P 8)). 

Another oonsequenco of the strong intoraotion would bo the exlstonoe of 
hitler states of the proton and neutron in which the particle is doubly 
oharged, triply ohar^, etc. Woutaol (W 6) lias Ruggeeted tius. The 
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additional oharse can be osoribed to the surrounding meaon field. The 
eiperiineiitS} to be sure, h&ve not revealed this kind of struoture. 

Finally, aa HcdsenberE bofi shown, the meson soattering on nuoleer 
partideB will bo essentially reduced if oooount is taken of the fact tiiat tho 
two inei'tialoBa degreos of froedom of tho nuclear parUolo have, in conse- 
quence of tho virtual emisBion and reobeorption of meeonB, a BtatMig 
^'self-field" which inveefts their OBoillatloDs with an inertia in the same way 
that tho eleotcomagnetio self-field of a ohaige produces rest maas. 




11. MESOK THEORY OP THE DEUTEROH 

By S. Pi^Dgqk, Borlliv 

An aUempt wofl mado in 1040 by Betho (B 18, 14) to afrlve at a ciuanti- 
tatlve fcaonulatian of tihe moem theoiy free from all objeotLons. Tho baalo 
Wen of thia attempt wna the following: If the intorootion force between two 
nudear parUoleB is produced by the mason field, then Uxe empirioeUy 
known measurable quantltiGB, wbtoh ore the coneequonce of tide intwaotion, 
dioulfd also be repreaentable quantitatively by tiie theory of the meson. 
Such moafluiablo quantities in the Byetoma resulting from two nuolear 
partldBa are: 

1. the nuM defect of the deuteron in the ground state, or the binding 
energy between proton and neutron with paralM spins. 

The binding enofgy of the etate in which the two nuclear particles 
have opposite Binns. The latter la detonnined from scattaring eixporiments 
and turns out to be, quantitatively, the soino for the systems proton-neu- 
tron (the first excitation state of the doutoron) and proton-proton. 

3. The quadrupole moment of the deuteron in the ground etate, which 
arlees from the fact that the electrical charge distribution is not sphericany 
symmetrical about the center of mass but is somewhat elongated. The 
exlstenoe of a quadrupole moment shows that the neutron-proton foroe 
must contain a spin-oibit coupling term. As a matter of foot, a tenn of 
this kind comes naturally into the mceon theory, in contrast to the dder 
and more arbitrary statement of Mi^orana and Hoiflonborg for the nuclear 
forces. 

It must be regarded as fundamentally futile to attempt to derive these 
three quantities quantitatively from the meson theory, and In this manner 
to find what assumptions have to be made to tie the theory down on ques- 
tions which cannot be resolved from more general points of view, for in- 
stanoe, by invarianoo argumente. This difficulty la not very surprising 
whoa one reviews the arguments of the provioua oh^ter. However, the 
IH'esentation of these attempts should not be skipped over oompletely sinoe 
ft ia an interesting example of the application of the meson theory, and it 
always aids Ihe understanding to oonslder in a concrete case the unraveling 
of the difficulties, the general antecedents of which have already been 
realiied from fundamental arguments. 

It has already been pointed out In the previous article that there ore two 
pOBsiblUtisB for the meson Ihedry; 
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a) Neotnl theory. In this case an unohaiged meson is introduood. 
Cmiaeqaently, there is no diffetenoe between the proton and neutron as 
regards the force of Interaction provided by the exchange of a meson 
between the two nuclear parttolce, a fact which agrees with the second 
experimental observation oited above. It has been shown that this neutral 
theory, with the introduction of certain cut-off rules, is also Bultablo to 
represent the other two axperimental observations on the deuteron. On. 
the other hand, it has proved fundamentally unsuited for the explanation 
of ^Kleeay sinoe It bJIowb no room for the transfonnation of a proton into a 
neutron and vice versa. For this reason alone it certainly cannot contain 
the ^riiole truth. 

b) Symmetrical theory. In order to explain the jS-deoay wo must 

IntancduoG charged mesons of both signs. But then only thoso processes can 
be understood in wliioh a proton transforms into a neutron and vioe vorsa. 
In this theory foroes exiat only between proton and neutron, and thero is 
no interaction force between similar nuclear x>artioleB, a fact which contra- 
diets the second experimental observation (scattering of protons on protons). 
In ordei' to represent these observatioiis and thejS-deoay at the some time, 
it is neoeasaiy to introduce both charged and uncharged mesons. Binoo the 
proton-neutron force agrees quantitatively with Ihe proton-proton foroo, 
it is necessary to osorlbe to both nuclear pardoles the same emission prob- 
ability and the some absorption probability for the ^ 

unoharged mesons. It will be shown that a Gymmetidcal Uieoiy of this 
kind is not adequate to represent the properties of the deuteron quantltar 
tivdy. Tliua this manner of reasoning can at most oontoin only a part of 
tile truth. 

^[he mathematical formulation for the force of interaction between two 
nuolear particles resulting from the neutral theory has already been carried 
out in the foregdng ohi^ter. As a result the potential energy of the intei*- 
Aotion of two nuclear particles at a. distance r from one another is 

- t/ + + F, 

'with 



The first two terms U and Yx oorrespcHid to central foroes; hero only tho 
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^taneiHy of the force is dependent upon the spin and of the two par- 
Ueloa. ^ The third tenu V», which is also represent^ a«.a ‘Tensor foroe*^ 
eontau^ the spin-orbit coupling produced by the eleotrb quadrupole 
momont. 

The syimnetrical theory i^irce in its Eonmilation the otmoepi of a 
dUTerenoe between proton nnd neutron. Actually, ^ diSeraioe is realised 
by introducing the charge ns another quantum number which can take on 
two values and, theit)forOt can be treated exactly like the spin. Henoe, to 
every nuclear i)artiolo five degroos of freedom are usoiibed, three for the 
motion in spooc^ ono for the spin, and one for the charge. 

The exact mathematical explanation of this method will be poased over 
here. Ono procoods by introducing the “charge operator^' 7 analogous to 
(JiQ spin operator r; the potential energy then takes the form 

- (C^ + Vt + VJ • • U 

Without referring to the cymboliam wo eon exprosa the essential foota in 
the following manner: Since, according to the Pauli prindi^ only those 
BtatoB exist which are antimetrio with respect to the exdianga of two 
paitiolee, or in thia catn of two variable-quintuplets, the states can bo 
grouped in the following manner. 


TttliUi 1. 


^H>aeiroMopio 

notation 

PtadUon 

Spin 

Chario 

Gn t3 

- ■ 1 

Bbtainple. 

“D . . . 

Hymmolr. 

symmotr. 

antimoU*. 

-8 •' 

1 

Ground state of 
the dontonm 


dymmolr. 

anllTDOtr. 

nymraotr. ! 

+ l 

Exrited 

deuloron 

•P .... 

uiUinolr. 

uymniQtr. 

^yiunuU. 

+ l 


.... 

antinulr. 

anUmotr. 

antltnoU. 

-3 



We have, accordingly, to introduce the )K)tential energy —sy for tho 
ground state and + V for tho excited state. 

Por tho quanliUUim solution, or, eesontially, for the solution of the 
SchrOdlnger equation wth the potential function given, Bethe has Intro- 
duced a simplihoation by putting g ^ 0% thus omitting the temi 1/., This 
term was interprotod in the neutral theory, as well os for the exott^ state 
in the symmetrical theory, as an additional repulsion, and for the ground 
Htato in tho syuunotrical theory, os an attraction, rnie omisfiion is purely 
arbitrary and is based only upon tho heurlRtlo argument of greater Bimpllohy 
(“single force hypothcHiB”). 
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8 . ThXlQaat 


Purihennore, it has proved to be neoeeBoi^ to cut rft the potential V at 
a o«*taln radlue in order to avoid the diveigenee diffioultiea at r -- 0 

oriaiiig from the term Pi. These dffloultiflB have already been dlaouaBed in 
the foregoing ohapter; hero is one of the principal oanaes of failure of Bethe’s 
attempt* For the outKxff two different presarlptionB were used; in the first 
prescription the rule WM that F - Oforr < r#, in the eeoond It was assumed 
that in the same range F F(rb). 

Tho results are assembled in the following display: 


Tabled. 



Noatnd theory 1 

Symroetrio theory 

b ontQflrnle 

3. ootoff role 

1. eutoff nils 

2. eutoff rule 

On ir« om) 

0.096 

0.886 

8.06 

8.77 


0.0800 

0.0770 

0.181 

0.169 

(r**)* (lO-i'om) 

1.83 

1,81 

3.88 

2.74 

q (In 10"« om*) 

+2.71 

+3.63 

-30.0 

-17.9 


In this the meson mass was ausumed to be 177 electron masses and the 
ohaiaotoriatie length was, oooordin^, 1 /k « 2.186 • 10~” cms. The quan- 
tity r' signifies the s^>arBtion of the proton from the center of giavity of the 
douteron in the ground state; the mean value can, therefore, bo re- 
garded as about the radius of the deuteron. The quatopole momsnt was 
oaiculated according to the aesumption q 8?* — r'*; it states that the 
positional eigenfunction does not dq}snd on r alone. This arises from the 
fact that, in consequence of the q^in-orbital coupling, F», the ground state 
of the deuteron is a mixture of a dominant .S-atate with a D-etate. Since 
only the total angular momentum and the total spin, but not the orbital 
momentum, ore true quantum numbers, two possibilitlee are open: either 
there is no orbital momentum and a spin momentum A, or the orbital 
momentum is 2A and the spin h has the opposite direotlon, so that overall 
the empirioal total momentum h is realised. 

The two quantities Tq and /•/Jhs are so determined that the binding 
energies of ground state and of the excited state ore oorreotly repro- 
duoed. One sees that the results are, to a large extent, independoit of the 
nature of the cutoff presoription; on the whde a much larger structure re- 
sults from the symmotrioal than from the neutral theoiy. Con^eeponding 
to its porous structure it is nece«t^ to have a larger value of f/kc in the 
aymmetiioal theory in order to obtain a binding energy equal to tho 
empirical value. One is considerably prejudioed against drawing quantita- 
tive oonoluidons from the symmetrical theory by the fact that the cutroff 
radius in it is greater than the mean distwoo of the proton from tlio 
oenter of grevlty. That means that tho two heavy paroles oftoii find 
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themfl^yee separated by diatanow for ?diioh the meson theory, because of 
its divergeaoe dlffioulUa, no longer implies. 

The poBslbiUly for a quantitative control is afforded by the value of the 
quadmpole moment q. It is known, empiiioally, to be 2.76 • 10~*^ cm.' It 
is seen that the neutral theory reproducee this v^e veiy well, whereas the 
eymmetrio&l theory leads to an orroneoua result, as regards the sign 
and the order of magnitude. 

In summary, it may, therefore, be stated that for a quantitative treat- 
ment of even the Amplest problem of nudear phydce the meson theory !s 
for from being the ri^t language. The neutral theory is not able to explain, 
tho l^eoay nor the aotual appearanoe of oharged meeons in ooemio radia- 
tion. The symmotrioal theory breaks down oompletely in ihe quantitative 
treatmont of doutorons. Bo^ are besot by arbitrary outoff rules whloh 
imply a much moro serious enoumbranoe here than in tho rdativiatio quan- 
tum meohanios. 'rhegroathope whloh was first placed in the meson theory 
has, therefore, not been fulfilled. But, after all that has been binug^t out 
in these two <^ptor8, this is not very astonishing slnoe wo have apparently 
now gone beyond the limit of applio^ility of the existing aohemes; processes 
with several particles, nonlinearity of equations, and similar things may 
create an entirdy new situation for which our mathematioal apparatus is 
In no wiy ad^ted. 



12. THEORY OF EXPLOSION -LIKE SHOWERS 

Ry W. Hriaknjixiio, Berlin-Dahlom 

T1i&G£fGQtivo orosH-BOotion for any kind of a ooUiaion proooHa liaa almost 
always boon oaloulatod by moans of a quantum meohanieol porturbaiioii 
theoiy known as the Bom oolliHion theory. Sinoe the matrix of the inter- 
aoUon onorgy oontolns, in general, only olemonts for transitions in which 
ono or at most two partiolee are oreatod, it is nooessaiy in gonoral to oxtend 
UiQ parturbation oaloulatiDns to the nth (or, rospeotlyoly, the fith/2) 
{^ipr^Tnatlon if pitMxseBQfi we to be accounted for in which n particles aro 
created at a tame. If the perturbation calculation converges reasonably, 
th(m the probability for the slmultanooua emiasioa of many partiolee 
beoames very emalL Hds general oonsldoration has led to the supposition 
that there can be praotically no gienuine multiple prooeasos of this kind; 
and alsOi in the Yidmwa . Theory, Yukawa (Y 1 to 6), Bhabha (B 19, 20) and 
Holtler (H 6, 6) havo oaloulatod the effe^ve oroas-sootion for scattering, 
ocoording to the Bom method, and liave assumed that the oonvergonoe of 
the perturbation method, which is always a problem because of the known 
divergences (8(df energy of a partlole), could be established in a later and 
more oomplete form of the th^ry. 

The more precise investigation of this question (Heisenberg) (H 3)), on 

the oontraiy, has led to the result that the Yukawa Theory already bdongs 

to a group of theories in which the perturbation calculations are basically 
non-oonvorgent when the colliding particle is above a certain energy. 
.The Yukawa Thooiy is, therefore, one in which genuine explosive showers 
above this enorgy are to bo expooted The reason for this property of the 
Yukawa theory will be given in the following disouffiion without detailed 
matheznatloal analysis. 

There ore two reaeons for the occurrence of multiple prooosBes in the 
Yukawa theory: first the close relationship of the Yukawa particle with the 
llglit-quaatum, and second, the peculiarities of the energy of interaction be- 
tween mesans and nuclear particles which are associated with the spin and 
ohnrge of the meson. 

The close formal relation between mesons and light-quanta which comes 
out of the Yukawa theory has as consequence that in the ooUision of two 
eneigetio nuclear partiolee several mesons can be created in the some way 
OS an infinite number of li|^t quanta are noimally produced in the ooUision 
of two electrically oharged partiolcB. The latter foot was made understand- 
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able on the baeia of the quantum theory in a pcqMr by Blooh and Nord- 
Bieok (B 27): When an energetic particle is suddenly deflected, according 
to the olasdoal theory, at the moment of defleoUon the diflereEnoe d the 
deotramagnetic fields surrounding the particle before and after the deflec- 
tion becomes in a certain senso detach^ and wanders into space as ladiar 
tion. This radiation field at tiie moment of its creation is erTidantly a 
rdatiyely small wave packet, and its Fourier expansion at that time gives 
a spectrum, the intensity of which approochee a constant value in the range 
of very low frequendes. This spectrum in the quantum mechanical intei^ 
pretation feprceentB the expectancy for the actual speotatim. The mean 
number dn of li^it quanta in the frequency interval dp Is, therefore, (of., for 
example, the woll-known formula for the xrray speotnun) 

(in oonst^ (1) 


and the integral over all frequendes leads to an infinite number of veiry 
low-energy light quanta. 

In complete analogy to this, in the sudden defieotion of a veiry energetio 
proton or of a neutron, tiio difference of the asBodated Yukawa fields before 
and after the dofiootion beoomoe detechod and wanders into spaoe as meson 
radiation. Again a spectrum is created with expectancy pven approxi- 
mately by (1). The total number of mesons now turns out to be finite slnoe 
the meson poesresos a finite rest mass; the integral over dn has a lower limit 
hv «- /xc*. From this it follows that the mean number of mesons moreoaes 
with the logarithm of the available collision energy, since the upper limit 
of (1) lies in the rogicfu where /xr is oompamblo ^vitil the primary energy E. 
Thus it follows: 


n 


const • log 


S 


( 2 ) 


The oonstant factor hi w a value of the order o*/1io in the theory of li^t 
quanta, and in the Yukawa theory of the order its derivation will be 

omlttod. The abovo-raentioned ofluct thus pves in prindple the poesl- 
bility of undorstandiug the oroation of several mesons in a single act, but 
only with extromdy higji GnOTgies of the colliding partida This effect alone 
will Boarooly sufiice to explain the experimonts. 

The Yukawa theory diffeis from the theory of lij^t quanta In a second 
essential feature: It contains terms in the interaction between the heavy 
partidos and tlio Yukawa field \rhioh increase without limit with increasing 
energy of the partiolo oonddered. One can see this meet simply by a dimen- 
sirmol analysis. Dimwidonally, any phydoal quantity can be transformed 
to a power of a length by multlplioatloD with suitable powers of % and a 


m 


W. HuBierBBau: 


If in thla way one measureeraU fleld quantltlee in units of ^ and c, then, in 
the Maxwellian theoiy, there remains only one dimoiBlonleaB interaotion 


constant [naiaoly 




the oonvorgenoe of a perturbation oBloulation, 


therefore, depends upon the value of this constant alone. The Yukawa 
theory, on t^ oontrary, because of tho spin and oharge of the meson, 
contains interaotion terms with a constant of the dimensionB of a length 
(and of the order of magnitude 10'" cm.) This has the result that oaoh 
pertorbation oaloulution finally diverges if the wave length of the partiolB 
oonoemed is small with respeot to this oonstant. The dlvergenoe of tho 
perturbation prooadoie, moreover, has the rignifioanoe of allowing for tho 
possibility of exciting many mesons in a single act 
In detail this oreaUon of explosive showers tidces place in the following 
manner: Just as the exdtation of eleotron-positron pairs in the radiation 
theory gives rise, in tho Maxwellian equations, to nonlinear terms which, 
lead to the soattering of light by lifi^t (lihilor and Koohel (E 6)), so also in 
the Yukawa theory there are nonlinear terms, associated with proton'^ou- 
tron pairs, which offoot a soattering of mesons by mesons (Heisenberg 
(H 8)). Tiiese nonlinear torms are, in general, very small. However, in the 
very danse wave packets which are given off in the deflection of very anar- 
getio heavy partioles they play an oven greater part than the normal linear 
terms, if the energy is great enough. Thus tho nonlinear terms produce a 
kind of turbulent mixing of the wave paoket until it has expanded Into such 
a lotge volume that the nonlinear terms lose their signifioanoe. In this pro- 
cess the Fourier spectrum of the wave paoket undergoes a displacement 
toward the lower frequenciee signif^g the oreatlon of many low energy 
mesons. A quantitative oaloulation of the meeon spectrum within suoh an 
explosivQ diower is still impossible in the present state of the theory. One 
oan make only the rather envious statement that suoh a shower, in general, 
will contain many more low^ergy than hi^d^renergy mesons fuid that the 
mean number of portbles will inorease with tho available primary energy. 
On the other hand, the form of the meson speotrum will depend only slightly 
upon the primary energy. 

The fundamental assumption of the Yukawa theory, namely, that the 
mesons of the oosmlo radiation carry aspin of a whole number and that they 
are the producers of the nuclear forces, is not at the moniGat fully oonfirmed 
experimentally, li^ngner, Oiltohfield, and Teller (W 8), for example, have 
proposed a theory of nuclear forces in ^riiich the forces ore supplied by a 
pair of partioles of spin 1/2, the question remaining open as to whetheor 
these particles are idmtio^ with t^ observed mesons. In suoh a theory 
the first of the above mentioned causes for the areation of genuine multiple 
processes drops out, but the second is still as valid as in the Yukawa thooiy, 
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In fact the possibility of exploelon-4fte multiple prooeaaee was first studied 
on die basis of a theory of the same kind as that id Wigner, Crltobfield, and 
Teller, namdy, the ITormi /»Kleoay theory (Heisenberg (H 1)). 

Looking back over this situation in the theory It is gratifying that the 
experiments of recent years have pretty well established the axistenoe of 
exploelon-like showers (of. Chapter 6, IClemm and Heisenberg). For the 
oroBB-Boction, oaloulated according to the conventional perturbation theory, 
one can expect ngroomeoit with the experiments only in. the range of small 
(xieigleR whan effoots aro involvod depending on the Yukawa flelcL The 
purdy elootromagnotic efieots of the meson, howevoi', can probably be 
ts^t^ without thoBO rostrictlons by the conventional theory. But it will 
be necessary to reckon with the po^iUty tihab the ofiootive oroeaeeotion, 
thus calculated, for example, for the exdtatlon of radiation by the collision 
of a meson, does not moasuro the probability for the emisaion of one light- 
quantum alone, but that It measures the probability for the emission of a 
li^t^uantum and for the aimultanoous creation of some low-energy light- 
quanta and mesons (of. the work of Bloch and Nordhelm). One must also 
reckon with the possibility that, for example, the casoato which are set 
off by radiation ^ted by meson ooUisioDB may also contain a number of 
slow mesons (of. Chapt. S, v. Weissaoker). There are still no experlmenfs 
bearing directly on this question. 
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13. NUCLEAR DISRUPTIONS AND HEAVY 
PARTICLES IN COSMIC RADIATION 

By Eeioh Bamb, Berlin-Dahlera 

1* IntrodueHoa: Statement of Sie Problem 

In carefully examining pbotogmpbio plates ^ch had been expoeed to 
ooemio radiatioii for a long time, Blw and Wambaoher (B 26) in 1087 
diBQovoied tiio phenomenon of nuclear dUniptionB. These wore recognised 
from the fact that within the gelatin layer several rows of developed silver 
grains produced by the nuclear fragments which flew off in tlie prooees of 
nuelear disruption radiated out from a common center CFIg. 1). In many 
of the observed traoka the range of the partidee was so great that a con- 
fusion of this phenomenon with the so oallod “stars” from radioactive oon- 
taminotian oould be exchidod. 

The proof that mioleer dlsnipibn is induced by cosmic rays was brought 
out by Stetter and Wambaoher (3 IQ) when they were able to show by 
measuToments at various looatbns that the fn^uenoy of this pi'ooem 
inareasGB very rapidly with elevation above sea level. 

Independently of these phenomena, the separate protons and neutrons 
appearing in the oosmio mdiatiaii have been the subieot of several inveeti- 
gatioQs (Widhalm (W 7), Schopper (S 11, 12), Rumbough and Loohoi' 
(R 12), Bllnfer (F 6, 0), (K 6), Montgmnory and Montgomery (M 0)). 
Moreover, the froquoney of oooui'renoe of these partideB shows a dependence 
on altitude simllaT to that established for the nudear disruptions, and it is 
natural to suppose that the t^vo groups of phenomena ore related. 

In fact, It was abso shown that in the lower atmosphere the proton and 
neutron intensitiee follow exactly the frequency of nuclear disruptions. 
The question of the Identity of the radiation which liberates the heavy 
nudear partidee is, therefore, really the same as that of iinding the source 
of the disruptive prooesBee; ail available evidence favors the view that the 
latter are exdted by energetic light-quanta or deotrons of the soft oom- 
ponent of the ooemio ladiatiom The heavy partides and the nudear die* 
ruptions ore thus given a definite place in the overall picture of ooemio 
ra^tlon. 
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2. FrequencleB of Nuclear Dlsruptioni and of Heavy Particles at Various 
ElevatlonB above Sea Level 

^riuj fix)qu6HcioH of iiuoloar disniptloiiB at vanous olevatlonB above uoa 
level OB dotormineil by Stottor and Wainbachei’ ai'o ahown in Fig. 2. like- 
wise, the data of Widlialm (W 7) are shown for the proton intensltioa, and 
the curve (I) gives Uie variation of the electron-photon intensity to be 
oxpooted tbeorotically from the cascado theory. From tills figure it is 
soon tlint the values for the frequonoios of the nuolonr disruptions show the 
same rapid incrooso mth elevation as tlioso for the single proton tracks. 
Moreover, both sets of data conform approximately to the theoretloal 
curve for the hitonsity rise of tho cascade electrons. 

A certain difference is indicated Iwtwcen tho rise In frequency of protons 
Olid that of nuolear disniptions: Whereas tlic ratio of the extreme values 
of tlio intensity of tho protons is (54: 1 , Uin corrofl]Kmding ratio for the nuolear 
disruptions has a value between 30 and 60:1. Wo note tliis Eivot here and 
anil tx)me Imck to it later (whj Iwttom of p. 140). 

The results of moasuronionts of tlio neutron iuteuHitiea at various elervo- 
tions ore shown in Fig. 3. PTorn also a comparison with the curve token from 
Fig. 2 for the cascade electrons sliows a frequency increase of tiie same order 
of magnitude as that of tlie obsorvod sln^ proton tracks. Likewise, the 
measurements of neutron froquenoios by Korff, os well as tho first measure- 
ments by Ffinfer, are given and those fit tho curve verj' well. 

Aocorrlhigly, liotween tiio gimips of phenomena iiero considered thei'o 
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eidatB afar raaohing patalleliBm in regard to their variation with elevation. 
It immediately appears that if one aasumes that the nuclear dianiptlonB are 
the reel souroo from which the single traoks of heavy partiolee originate, and 
if it can be further shown that the effect of a sin^e partiole soctendB only 
over a range within which the intensity does not alter radically, then the 
simUarity of the variations of froquimoy with elovarion are explained In a 
most simple manner. The singlo tracks of tlie protons and neutrons can 
thus be QonsidGred simply as products of the nuclear diamptions. 

According to both theory and enporiment, something like the fcdlowing 
pioture can be formed of the nuclear prooess Itsdlf (B la) : At firsts possibly 
through the ooUislon of a photon, one or more heavy particles in the nucIeuB 
ore sot into rapid motion. energetic neutrons or protons in their 

passage throu^ the nuoleua oolUdo with other heavy partioles and impart 
more or loss oiergy to those. Those secondary partidos can dthor leave 
the nucleus immediately or. they can form tatiaiy partioleB until finally 
the greater part of the energy of the primaiy particle is distributed throui^- 
out the nucleus as thermal motion. Thus, the original oollision procose 
rseultB in a nuoioar evaporation in the aense of the Bohr thieory of nuclear 
processes. The whole prooeas also takes place in the some way If a very 
energetio proton or neutron strikes the atomio nudeus from outside. In 
general, it should be posslblo to divide the partiolos ejected from the 
nucleus into two groups: those thrown out of the nudous directly os aooon- 
dary particles and th^ released by diauee throu^ evaporation. 

Corre^Kindmg to these ideas it is possible to represent the empmoal 
spectrum (avoraged ovor all ^'statB**) of the ejected protons in the form 

with a ■■ 8.18, b «-* l.GO, i -« 2.72 MeV, ij - 17 MoV. The scoond part 
of this spectrum is to be ascribed to the dirootly emitted protons and the 
first to the ovaporatod protons. Tlie nudear temparatnro in this piocoss 
would tlien bo of the order of ningnlUide of a fow MeV. However, the 
partition of tho Hpeotnim into two exponential funotlonB will not exactly 
oonespond to the i)artition of the partidas into the two groups; dso one 
must ooiusider that tho temixiroturo of tlic nuoleua u gradualiy reduced 
during the ovopomtiou. — Occasionally tho view has boon exproeod that all 
Blau-Wambaoher '^Btani” con be oonedvod simply os nudoar evaporation. 
Such an hypothesis, howovoi*, according to tho empirical spectrum of tlio 
protons would lead to tomperatures of 10>16 MoY and to total axdtabion 
energies which arc far too high. Binoo one con evaluate the total enorgy 
of a disruption process, it must be concluded, by revorBing tho argument, 
that from tlio relative numl)er of high energy protons it cannot treated nn 
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a pure evaporation prooeee. One can most probably desoribe what happens 
in the Mowing manner: The heavy partide whloh penetratee the nudeua 
produces at tho point of entry a very strong local heating and, in oonse- 
quenoe, sends out relatively high-energy nuclear mgrodienis. Finally the 
heat dissipatcB itself gi^anily throughout tho nudeua This assumption, 
however, is only anoth^ formulation of the distribution of the knitted 
partiolee into two groups distinguiahed by their times of emiBsion, as 
outlined above. 


3. Ifatura and Bne^ of the Emitted Radiation 

Next, a more preoiee treatment will be made of tho question of the nature 
of the radiatioii wfaioh seta off the nudear proceases. As the most important 
indication of the answer to this question, one may consider (ho foots estob- 
liahed by the data I'epresented in Figs. 2 ond.S, le., that the increase of 



Fiaore 4. nuoa eneriv of oaaeado deotroDB and the deoay elootroia aa runotion 
of the lower IhnH^ above whioh luulear disruptions can be released. 

intoDsity with elevation of casoado eLeotrans and photons, whioh is well 
established both experimentally and theoretically, is in close agreement 
with the rise in the number c£ dlsiupticm stars. 

The analogous observation regarding the cascade dectrons and tho 
large Hoffman bursts led Euler (E 8) to assume that the bursts are exdted 
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by the enei^tio (uusoade partiole& On the basis of their completely shiii^ 
behavior the release of nudear dWruplions vdll also be regarded as an 
effect of the soft component of the cosmic radiation, but It must also be 
admitted that the energetio deotrons resulting from decay of mesons can be 
effective In the process. 

However, one onoountera hare a difficulty with this intei’pretatlan. For, 
A^iereas experimentally the mean energy of 89 MeV rdeesed by all nuclear 
disruptions at 200 m. devation increases to 144 MeV at 8460 m., the mean 
energy of tho cascade electrons ronainB constant over the elevation 
interval, and that of the dooay deotrouB falls off di^tly as long as one 
takes into account that portion of the energy spectrum beyond about 
6.10"eY. If tho lower limit is pushed to still smaller energies, this oharao- 
teristio becomes even more marked. 

The situation is aomefwhat different if one takes tiie average for the 
interval beyond a higher energy. This may be seen from Fig. 4. For con" 
ditions at sea level it allows tho moan energy of tho speotnun of the cascade 
electrons: 

» conet " iy — 1.87; 7' in m water) (1) 

B 

and the mean energy of tho decay deotrons: 

F, « const ' -jhi7V 2 * iO*eV/m water), . (2) 

as a function of tlio lower limit Eo of the Bpootrum ooncemed, beyond which 
the moan is flgurod. It turns out that in ^ range E > 10* t^moan energy 
of the dooay deotrons, H, l.O^oi Iks signiiioantly bdow tiiat of the 
cascade dootrons "Ek ^ 2.16 E^. On tlio other hand, it is I’ccognlsed that 
very few low-^ergy cascade dootrons are present at sea levd and the decay 
deotrons predominate, whereas, on the contrary, because of thoir exponen- 
tial rise the cosoacln dootrons represent tiio dominant portion at greater 
devotions. Ono, tiioreforo, noods only to assume that, in aotuality, tho 
enoigetio port of tho soft component S > 6.10*67 is respondble for the 
rdeaao of tlio nuoloar disruptions in ordor to understand t^ increase with 
devotion of tlie moan energy libcratod by this process. For in this case 
one can realise a tronsitioii in going to greater dovationa from an ^ » 1.6 H| 
of the decay electrons to an S « 2.16 So of the cascade deotrons. Unfor- 
tunatdy, the absolute values of the individual spootra are not wdl enou^ 
known at tho moment, to enable ono to follow tiiis transition theoretically 
in detail. 

In any case, however, ono will conolude tliat the mean energy of the pri- 



134 


E. Bauoh: 


niaiy photons or eleoirons is at least an order of magnitude, and perhaps 
ooDsiderably more than this, greater than the energy liberated by t^ 
prooeas aa deduced from the energies of the emitted protons, This oorre- 
sponds entirely with the obeervationB on nuclear disruptions in the Wilson 
ohambor (for example those of Fussoll (P 7)). A compilation of the literar 
tore on Wilson chamber photographs of nuclear disruptions is given in a 
paper by Wambaoher (W 1), In which it has been established tliat, in 
ad^tlon to the heavy partides, there aro also frequent light*woi#t par- 
ticles or elootrons, and in a few oasoe some mosons were foimd which wcjro 
most piohably excited by a oollision procosa 


4. The Single Proton Trsokn ta Products of Nuclear Disruptiona 

The question may now be raised as to how far it is possible to attribute 
the observed ring^ proton tracks to the nuclear disruptions. In this, one 
must oeXonlate the nitmber of protons which strike a unit surface per day 
from all of the nuolear disruptions in the surrounding space. 

In oixler to treat this question it is necessary to know the number of all 
nuolear dismptiona in one oe. per day. From this knowledge, together 
with the energy speotrom of tlie dWtegration luotons determined by 
Wambaoher, and by taking into account the energy losses of the protons by 
ionisation in the aai*, one gists, immediatdy, the expected energy epootrum 
of the sdnido tracks. 

In this, however, one encounters two dlfBoulties which can be only 
partially reaolved. 

In the first place, the frequency of the nuolear disruptions is known only 
for tho gelatin films of photographic plates, whereas one needs to have 
it for air. It is, therefore, necessary to make a oalmilation as to what 
happens in air from what is observed to h^pen in the photographic emul- 
sion. 8uoh an evaluation can, naturally, be only appioximatdy oorroot 
because of the different chemical constitutions of the two substances. 

Moreover, there is the further difficulty that in all of the measurements 
made so far of the frequency of nuolear disruptions, no single and only n 
part of the double processee in which only one or two protons leave the 
nucleus have been counted. This results from the difficulty in the meas- 
uring procedure, Le., that such processes fundamentally cannot be dis- 
tlngui^ed from recoil protons of fast neutrons or from sharply bent single 
tracks. 

To evaluate these sLogle end double disruptions one is, therefore, led to 
make certain extrapolations. These do not seem unplausible, but they aro 
justified only If they succeed, with the same numerical values, in bringing 
both the frequency of the single proton tracks and that of the fast neutrons 
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into approximate agreemeat with the reeults of the measuremeetB) in spite 
of the fact that the frequendes of ooouTrenoe of the two Idnds of partiolee 
differ from one another by about two orden of magnitude (B 10). 

a) Determination of the Bnergy Spectrum of the Stni^e Proton Tiaoko 
In the oaloulaUon of the energy spoo^um of the Bmglo proton ia'acks one 
proceeds as follows; If n is the number of nuclear disruptions per oa per 
day and f(St)dSQ is the average energy speotrum of the protons emitted 
per prooess, tlum a number of i)ardolQ8 

n/(B<idB,dT^ ( 8 ) 

witli energy betweon and £7 q + dEt would loavo volume dement dr 
and strike u unit Hurfaoo at blin origin (of. Fig. 6). 



Along their path from dr to 0 Uio partioloe will have lost energy by ionlHa^ 
lion in a known amount. Tho oiiorgy-range relation is represented by the 
formula; R -< ^(h'o). 'Hio energy H of tho protons wiion they strike the 
origin is determined by tho equation: 

U - r ^ *(/fc) - r - W 

One, Uierefore, has a relation between tlio tl\roo quantities Euj and r 
and can thereby exprow R and r. By into^ting Uie formula (8) 
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oyer the upper half-epaoe, a function F(E)dB ia obtained which describee 
the energy q)eotrani of all of the protone ooming from Ibie region and 
originating in nuclear disruptions. 

For/(^i)(iS« one takae the spectrum derived by Wambaoher which, as 
already mentioned, is represent in good approximation by the function 

/CBJ dE, - (f ^ dB„ (6) 

with a - 8.18, b - 1.60, c - 3.72 MeV and i) - 17 MeV. 

Wambaoher’fi measurements and the function (6) are represented in 
Fig. 6. As one sees, in the range between 0 and 50 MeV, they are in very 
good agreement. 



I^lgure 6. fVsqtionay diBtnbuUon of dtsniption protoiw ka funrtion of the onorny- 

If the calculation is carried through with thli^ distribution function (B 1) , 
the desired function F(S)dB is obtained. The Integration over the latter 
resulte in a rdation between the total frequency iV, of protons per cm.* per 
day and the frequency » of the nuclear proceesee per oc. per day. (^o 
obtains 

^ * 280 cm. 
n 


(6) 
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This ratio will be compared with the oorreapoiidiiig mimeiioal valaoi 
takea from the measuremcntB. 

b) Con^wrlflon of the Total Frequendes, The distribution fimotion 
P{S)dB r«(ulting from the preoodiiig oaloiilation is shown in Fig. 7. The 



same Hgiiro tUeo ouuUvinu tiio oon'cepondlng data on proton froqucmdeB 
taken from Uio meoeuranioiitB by Widliolm. Tho function F{E)dB ia hero 
80 normaliiod that it ngrcoR with tho moaeurcd yaliira at al)Out 25 MeV. Ae 
the figiii-o shows, it ntprosonta tiio oxixirimontal rosulta voiy wdl for aJl 
higher onorginH. On tiio contrary, tlie ourvos doviato from one anothor 
completely at Uio lowitr oiuu'gicH. lliiH con bo atbributod principally to 
the fact t^t in Wamlnicher’s innunu^nentB lie failod to inoludo tho singlo 
and double diaruptioiiH. Tliis osHiimption immodiatoly oxplaine the above 
mentioned h1iih)o of F{I^)dl?, 

Tho mean energy of tiio miol(»r fragments from tho single and double 
prooeseee is of tho order of magnitudo A to 6 MeV. This is token direotiy 
from Fig. 8, whloli gives tiie moasurod mean value of tho partlolo energion 
for tho tliroe, four, otc. “stars” as a function of the number of omiUod 
protons. The mooaurod points fall apprmdmatoly along a straii^t line, 
which beginB with a 16 MoV mean energy for tho dght partido '^etara” and 
then falls off for smallor proton numbers. Tho oxti’apolatlon to the particle 
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numbtf (TM leadtf to a mean value of about 4 MeV. The oziatetioe of single 
and double dlsmptians wiH, th^ore, be able to influenoe the aht^ie of 
F{S)dS only in the small energy range up to about 20 MeV. 

One oan now evaluate the appraximate number of the sinj^e and double 
dtaruptionfi whioh were not inolnded, if he moosures the ratio of the shaded 
to the unshaded area in fig. 7. It turns out that about three times as 
many prooeasos of this kind were left out of aooount as the number of dis- 



figure 8, IvEeui energy per portieie fur nun of Iboxl ixulJele numtior. 
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ruptions found with the number of partiolee. The total frequency 
of the nuclear prooesBes should, therefore, be four timee as great as that 
given by Waznbadxer’s data. 

This agrees very well with the Bndings on the frequency distribution of 
the various “staxs'*, as repreaented in Fig. 0. The total frequency of all 
"stars" with pariade number r exceeding that given as abaoisBa, faJls in 
excellent fashion on a straight line for v *» S to 8. If one tries to extend 
this line to mall particle numbers, he obtains for » 1 a frequency 
(» 60) which is four or five timee tiie value measured for r *>* 2 (11), in 
satisfaotoiy agreement with above result With regard to such an extra- 
polatory deterndnation of the frequency of those processes, one can natuiv 
ally hold certain miggivlnga. However, it is to be noted that this procedure, 
on aooount of the relationahlpB brcu^t out in Hg. 8, may be considered 
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as good ftf an extaiapolation made with the help of the partiole number or 
aa a detennination using the meen proton enei^ee. 

It is still to be shown that by taldng into aooount the missing sinf^e and 
doubje prooessee the observed absolute frequendes of slni^e proton tracks 
can be attributed to the nuclear disruptions. 



Figure 0, Frequonuy of state whnHO pnrllele numbor le groator than 9 , 

Aooording to Stoltor and Wombaoher, 0.03 nuclear prooeesos take 
place per cm.* per day in a lOOju thiok Qlm of tiio photographio plate at an 
elevation of 84Ji0 m. In the film about 4/6 of the nuclei aro of the fypo 
(0, C, N) and about 1/6 Ag and Br. llinir total number is, thoreforc, 
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eoeeatially determined by the frequency of the first kind in the gdatinj 
vrhoBQ density is neaiiy 1. One can then expect 


^ ^ 8 > 1.8 

1000 


« 4 


10 - 


‘'stars” per oc. per day in air. 

At tho same olovation there are 8.^02 protons per emu* per day according 
to WWhftlm and 1.44 protons por cm.* per day avoiding to Schopper (B 11). 
In tihose values, moroover, the pretons of t^ single and double processes 
are included. In order to havo a oomparable ratio only a quarter of these 
should be attributed to disruptions involving more than two particles, 
according to the oonsiderationB at the beginning of this section; thus one 
obtains fiom Wldhahn AT, ■■ 2 protons per cm.* per day, and from Schopper 
Np — 0.86 protons per cm.* per day, Prom this one gets 





4 ■ 10"* 
0.80 


4 • 10 




600 cm. (Widhalm), 


00 cm. (Schopper). 


(7) 


This result is to be oBnpared with the ratio (6) wliloh. was already derivod 
for the processes with more than two partideB: 

\ tl / tk«ar 

'fho result bo be expected theoretically thus lies between the experimental 
determinations of Wldhahn and Schopper. 

It is, therefore, shown that the frequency of tho single proton blacks con 
be attributed to the nuclear disruptions. To explain the appearance of 
such partiolea in tho lower atmosphere it is not necefflary to suppose thnt 
thoBO parboleB come from external space. More prabably their appearance 
should be regarded as a neoeesary consequence of the nuclear disintegra- 
tions rdeased by the soft component of cosmic radiation. 

In this obnneotion it is to be expected that the proton intensity will 
Increase with elevation somewhat fastor thsji the froquenoj’ of nuclear 
disraptions sinoe it is already known that the mean energy of tiic dlsinte- 
gratilon particles increases slowly with elevation and for this reason at tlio 
same time the mean range of the protons becomes larger. An effect in this 
dh'oetion seems to be indicated by a comparison of tho measurements of 
Widhalm and Wambaoher. 
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5. The Fast Neutrons as Products of Nuclear DlaniptlouB 

In the nuclear disruptdonB neutrons as wdl as protonB are knitted, The 
former, howenrer, cannot be obeervod immediately in the photogrc^^ 
emuMon, but if charged partldcB leave the nudeus in audh. oolli8ian-pro> 
oeBBGB, naturally the uncharged neutrons vdll also be knocked out. As 
regards the number of emitted neutrons one will not bo far off in the afHump> 
tion that about as many partidee of cmo kind oa of the other leave the 
nuoloUB. This aesumption will form the bads for the following oonsidoTa- 
tions; in oomploto analogy with the procedure for the protane, It will be 
shown that the trequonoy of fast neutrons obtained from a simple estimate 
agrees iq>pT03uraatdy that found from tho experiments. 

Hiis detenninatbn diould portain only to tho fast neutrons. The be- 
havior of tlio slow noutroiia will bo dlsoUBSod in a clmptcr by Flllgge. Hero 
we will oonaldor the fast neutrons that con bo dotootedi aocording to tho 
method used by Bobopper, by tlie recoil protons from a thin layer of 
parafin. 

One can also dmply assume, as has beeu oxtendvdy discusBed by Bethe, 
Koiff and Flaoiok (B 17), that tho fast neutrons disappear when th^ strike 
m atomic nudeus, for example Ni*. In many oases they will leave tho 
nudeus again with reduced energy, but thoy will then bo within the range 
of velodty whore thoy can no longer l )0 dotootod photographioimy by thdr 
recoil protons from tho luvrofln layer. 

Let tbedr moan free path to tho Hrst nudoar oncountor bo X. Then in 
complete analogy wiUi the dorivatioii in tlio ciuto of the protons, ono obtains 
for the number of particles whidi originate in the volume dement dr at 
distanoo r and striko a unit flurfn(w 

» t?OH d /QV 

nr tlr e (8) 

Here r is tho mean number of noutruim oinittod in one process. 

By integrating (8) over r and 0 in tlio upiwr lialf-Rpooo one gets, tho 
total number of iuddonb neutrons. 


n " 4’ 


(9) 


Wombaoheris table gives tho value 3.88 for tho mean number of protons 
per star. Thus we take for tho neutrons 


» 4 nuutrons per star. 


The free path X, witli a ooUision cross section of v - 10"“ am.*, turns out 
to be 360 m. normal dr. 
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TbuBi 

^ - i • 8.9 • 10‘ • 4 - 8.6 • 10* om. (10) 

On Uio other liand, one can oaLoulate the above relation directly from 
iV, and n if one takes Nn from the measuromente of Sohopper and baeofl n 
<m the dieouaBlon of page 140. 

At 84iJ0 m. elevatim behind 1 mm. paraAn Sohopper flnda 0.8 recoil 
protans per cm.* per day. Ne^^tlng the yory ali^t (diflorption in iho 
parafin itself, the number of reooil protons turns out to bo 

A2 ^ • 0- • njT ‘ A* 

and henoe 

N 

• oni,A» 

• (Htf - number of protona per co. In parafin - 9 • 10", 

Aa; - thieknees of the layer ■« 0.1 om., 9 — 10"" cm.*) 

“ fl ~ i(r °ai • lo'** ^ ^ P" P” 

If we again take into account the fact that in the derivation of this num* 
her all angle and double disruptions were eounted, ^^lereas, in the deter* 
mination of n n 4.10~* per 00 . per day on page 140, only the procesBes with 
the hi^M* pciTtiole numbers wore counted, then must be replaced by 
Nm/^ in order to have comparable relatioiiahipe. 

In this way one gets 

The two numoiical valuee for the ratio (N./ft) obtained on tiio one lumd 
from theoretical oonaklerations (10), and on the other hand from experi- 
mental detezmination (14), therefore, are in praotioal agreement. Although, 
because of the unoatainty inherent in the effective oross-seotion, It is 
partly accidental that the two numerical values agree so perfectly, thero 
can be Boaroely any doubt that the two numbers are of the same order 
of magnitude. More than this Is not to be expected from the present state 
of the experimental determinations. 

Nevertiielett, It can now be established that such frequencies of fast neu- 
trons as are aetually observed experimentally are to be eoqieoted as products 
of the nuclear disruptions alone. The frequendes of the nuclear processes 
used in this o aln u la tio n are the same aa those upon which the oonsidora- 
tions of the proton intensities were based. 


( 11 ) 

( 12 ) 
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It is tima shown that the frequenoies erf the protons, as weU ad those of the 
neutrons in the lower atmoephere, oan be attributed to the nuolear dlsrup- 
tione. Tho hypothosia that sudh partiolos peneMie into this reshm from 
Qjctemal apace ia, aooordin^y, superfluous. 

The state of tho experimental inveetigatkma in the upper regions of the 
atmoephm do not e^ow the relationahlpB theire to be reviewed at the 
moment. Only after one auooeoda in obtaining suitable numeiioal data on 
the frequondeB of tho various groups of phenomena oan it be proved to 
what extent the heavy parUoles in this of tho atmoephere are to be 
oaisldered aa produota of nuolear disruptionB. 


14, ON THE EXCITATION OF NEUTRONS BY COSMIC 
RAYS AND THEIR DISTRIBUTION 
IN THE ATMOSPHERE 

By 8. FLflaaB, Berlin 
1. Eipeilmantel Facta 

The first obeefmtloQe of neutrons in the atmoephero were made by FUn> 
fer 1987 (F fi). He used a proportional oounter of large volume (2800 oo.), 
of which the inner surface was lined with a boron layer. When this ohnm- 
bff was surrounded on all eddea by a Ihiok borax shield (10 Kg.), the 
number of oounta re^stored foil from (10,86 ± 0.28) per min. to (Q.6 ± 0.2) 
per min, at the Oieescn Institute. T^ difference of 1.86 =b 0.8 counts per 
min. had to be ascribed to slow neutrons. Those first observations gave 
impetus to a eystematio Inyestigatioii of the effect. First, layers of hydro- 
genous substanoes (water, par^n, wood) ware placed around to slow the 
fast neutrons down a little and thus to make them effective for moasuremoit 
in the boron chamber. Whereas within the Gicasen I^omtory, whore the 
neutrons were already slowed down by passage througli the oonoroto roof, 
no influence of such layers appeared, the moasuiemonts in free air gave 
about a two fold Inerease: 

Without parofln 0.66 ± 0.1 neutron/min. 

With 1 onu parafin 1.8 ± 0.12 neutron/min. 

With 4 cm. parafin 1.26 ± 0.12 neutron/min. 

With up to 46 oma. H,0 the same. 

With wood also the same increase of tiie effect could be obtained up to 
saturation, at about 1,8 per min. On the contrary, no such augmentation 
was obtained with layeErs of lead, a fact which n gnin is typioal of the 
behavior of neutrons. 

Measurements were then undertaken by Ffinfer in 1938 (F 6) at various 
elevations with the ohatnbor surrounded on all sides by a 2 cm. thick wooden 
box. Again the differonoes wore measured with and without boirax. The 
following oounts wore obtained: 


Tabbl. 


FUoe 

Altitude 

m. 

Aimoipheiio 

1 preamm 

1 atm. 

Neutrow 
per min. 

iVoe-w 

M- 6.08 

Qleman 

160 

Bsai 

1.37 d= 0.00 

1.37 

Hofaerodflkopf . . . 

780 

BiH 

3.1 ±0.86 

2.18 

Feldberglzi 

1380 

BES 

8.3 ±0.8 

8.10 

Sohwarnrald ... 

1600 

BIS 

4.2 ±0.8 

4.13 

ZuOpttJCQ 

M60 


O.g ±0.2A 

8.66 
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If one triee to represent the experimental oounta by a lav of the form 
N » flriwreplB thepreasureln atmoepheree, then wlth^ *- 0.98 one 
obtains the last column of the table, which is in quite good agreement with 
the meosuronaitB. 

At about the eamo time 8ohoppor began invoetigatlonfl to detect neutrone 
In the ooemio radiation. By & proooduro aLmQar to that of Blau and Warn- 
booher (B 26), photographic plates wore exposed at diffei'ent elevations and 
the tracks of heavy pi^iokw formed in iiio emulabn wore counted. In 
this work two diiloront procedures could be used for separate observation 
of fast and slow neutrons. In order to dotoot fast neutrons the plates were 
placed first bohind 1 mm. of load and again liehind 1 mm. of parafln. 
Whereas tho number of tracks bohind the load could be regarded as amoaa- 
ure of ihe number of protons preecnl, Uie oonaidernbly incroasod number of 
prohm tracks behind tho porofin layer indloatod that protons wore bong 
ojeoted from the paraiin by primary heavy pardolos. These partioloB were 
thoui^t to bo fast neutrons. Tlio following counts were obtained. 


Tftljk* 2. 


IMaoo 

AlUUuki 

m 

AimoHjilMrio 

imwfluro 

nlm 

ProiunH inr am* i»r hour 
with 

- 6.03 

1 nmi 
pamfin 

1 mm 

Ifuut 

Btatt«art . . . 

300 

O.OS 

0.07 

? 

0.03 

Jucfraujooh . . 

8400 

0.06 

0.38 

0.00 

0.83 

Sfaratoiphen . . 

18000 

0.00 

6.1 

T 

10.3 


In the last oolumn uumbors have again boon chosen to correspond to the 
exponential absorption which Ffinfor found in tho lower third of tho atmos- 
phere. Binoo tho null ofToot mtU load \vbs monsured at but one point, these 
numbers can bo comparod only very roughly witli the eKporimontal values. 
NcvorthbloBS, it oan bo deflnitoly oonoludod titat Sohoppor’s stratosphere 
value is sm^er thAn it should bo according to the cx^wnentlal oxtrar 
polation. 

The measur^onts of tho slow neutrons wore made in the following 
manner by Sohoppor: He used a photognqihio emulsion containing boron, 
in which a-parbioles of 1.80 MeV energy were j^von off by tho slow neutrons 
in tho reaction and tlioir tracks were observed in the omulsloiL 

At one time a boron absorber was laid over the plate to absorb (he slow 
neutrons. Again, he worked without the boron absorber, and a strong 
increase in tho o-traoks took place. Obsorvatlons wore made at two places: 
In Stuttgart 0.16 ocparticlee per cnn.* por hour were found, and on the 
Jongfraujooh the number was 0.26. Tl^ increase is very much less than 
was to be expooted, according to FOnfor’s absorption ooefifidenU 
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& PlOgcoi: 


Koxfl (E 6) has also carried oat inycstigationa of the neutron intensiiy 
up to very great The meaBuraments were made with oounter 

tubes 20 (m. loig and 2 cm, diameter, and filled with BFa gaa at O.l atm> 
preaBure. In this woy the total number of all slow neulaxma waa counted. 
Hie meaeorements extend to preomreB of about 1/20 atm. and throughout 
show the eatne rate of inoreoae which can be reproeented by an exponential 
function with /i 7 per aizn. 

absolute number of neutnme can also be deduced from EorCI's 
measurementB. However, in this there ie involved a aerieB of pooiiy known 
quonritiefl, eepeolally the excitation of reotfil nuclei in the b^n ohambor 
whioh are released by primary pardelee other than the neutrons. Hence, 
nil absolute vahiee are unoerii^ by at least a factor of two in one or the 
other direction. From KorCPa meaauremenis, which he, Bethe, and Flaoiek 
have diacuBsed eKtentivoly, a production of 0.06 neutrons per gram per 
aeo. takes place in the region of the atmosphere where the pressuio ia 0.1 
atm. That agrees well with the value obtained from an airplane flight 
which y. Halbaa, Ejowarski and Magat supervised in Faris up to 0600 m. 
deyotlon (0.8 atm.). In these measuremente the neutrons were slowed down 
in a Hdutira of CfHoBr; the active bromine created could then be separated 
out by a Safiard-Chalmers process, and in this manner considerable aotdvity 
was attained. The diaoqsHinn of theae investigations by Bethe, Eorfl and 
Flaoiek led to a neutron production of 0.01 neutrons per g. per sec., which, 
at the lower elevations, agreed wdl with* the value of Koifl. If this pro- 
duotlon ia btegrated over the whole otinosphere with the abeorption 
ooefflcieat ^ 7,' one obtains a neutron promotion amounting in nil to 

about 15 neutrons per om.‘ pw seo. in the entire atmosphere. 

2. Ifoolear Physics Background 

To understand the observed neutron distribution in the atmosphero it is 
neoessory to know the interaction between neutrons and the air atoms. 
Tlie experimentd noaterial on this question is not so plentiful as might be 
desired, yet it is sufficient to provide a preliininary survey. This ia to bo 
presented here, following oloady the work of Bethe, Korfl and Flaoaek. 

We know only incompletely what happens when neutrons of more than 
80 MeV encounter xritrogoi or oxygen nuclei (of, the pretvious chapter). 
If, (m the other hand, their energy is smaller, we can more confidently use 
the Bohr model of the otcsiiio nucleus (sandsaok model). According to 
this, the effective oroeosootiem for Inelastio soatteriug the neutrmia will 
be d the order of the geometric nuclear arosB-aeotion 10'** om.^ and 


^TUs ooncepoDdi to an effeetiTe oroM-Motion of 3 X 10*^ om*. 
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in Buoh Boatterings the neutrona on the average are slowed down to a few 
MeV. Below 6 MeV in oxygon and 4 MeV in nitrogen no more inelastio 
ooUUitma can take place slnoe the lowest exdtation levels of these nuclei 
are at these energies. 

Regarding the elastic scattering which offoots further stoppage of the 
neutrons a few experimental values are known. Thus it is known that the 
Boattering oroea-sootion of as \veU as of ^ varlee but little in tiie range 
from 8 MeV to 0.16 MeV^ whereas it inoreases to considerably greater 
values in the range of tiienvml neutron onergleB (1/40 eV). 


TtibleS. 


PrOOMB 

E/Tcotivo oroBB Beetkm in 10“« om* for 
noutron energy of 

Threehold 

ODorgy 

MoV 

8 MeV 

0.1ft MoV 

1/40 oV 
(thonnal) 

TBnrtio softitBring on . . 

1.4 

1.6 

10.7 

— 

Bistie MBttetliig on K) . . 

1.2 

1.8 

4.8 

— 

«N (", rt “O 

0.04 

T 

1.8 

— 

MN(B,a)“D 

0.10 

— 

— 

0.30 

(a, P) ^ 

— 

— 

— 

ft.O 

'•0 (*, a) »K) 

r>-0.0l 

— 

— 

3.0 


The ofTcctivo crowHjeotion for the oai)tuxG proeesH w certainly voiy small. 
Something is known about tho oapturo reaction of protons *‘*N(p,y) “0 and 
“0(p,7) "F, both of which take place wltii proton onergleB of 4 MoV and 
an offeotlvo croas-sootlon of only 0.16 ♦ 10”“ cm.* (Curran and BtroUioTB 
(C 10)). Since tho Qamow factor at those energies for such light nuolol 
cannot bo nmoh smollor than 1, one should expect that tho two capture 
prooGSBoe for neutrons (n, 7 ) would not exceed in order of mognltudo 
10"" cm.* 

The survey sliowa that tho only nuoloar reaction which has to bo token 
into account in addition to tho olastic ooIUslonB is tho (n,p) process in nitrO' 
gen, since the other bliroo roootions given in the table are ondotheonic and, 
in general, do not take place for small noubon onorgicfl. Unfortunateiy, 
the variation with energy of Uie oro«B-seotion for tiio {n,p) reaction in 
“N is not well known. ITiU is tho mom I'egrottablo since resononoos which 
ore still unloio^vn surely dotormino tlic two measured values of the Groes- 
sootion. If one wore to assume a smooth variation of tho reaction curve, 
then tho oross-eoobion sliould bo invoraoly proportional to tho velocity of tho 
neutrona and, besides, proportional to a Qamow factor for the emission 
of the proton. According to this, one would oxpoot a orcM 3 S' 400 tion of around 
18 • 10”“ cm.* for thermal neutrons, whorens nohuUly It only amounts to 
a Umth of tills value. 

As a pliuisiblc explivnation for t his one can asHumc Uiat Uio value for 8 
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B. TLtyacni: 


MeY neutron energlea la E^onnally high beoause of a resonanoe lying in 
ihia range. Since with saoli Ught-w^^t nuclei the breadth of a roeonanoe 
line amounts to about 10 keV, one may well a&Butac that the effective oroas- 
seotion for small onorgieB follows the 1/v law out to about 10 keV; the 
Qamow factor in this range can bo regarded as practically constant. 

As an iHaproximntion in what follo^vB wo tl\erofore use the model pro- 
posed by Settle and his ooworkera; neutrons which aro originally faster 
than about 6 MeY are slowed down by inolastio scattering almost immodi- 
ately to on energy of a few MeY. Then practically uU of tlie soattoring is 
elastic, a fact which effoots a furtlier slowing down. Finally, below 10 koY 
the (n,p) opcw-aeotion in nitrogen gradually begins to play a part, for wliich 
we write 



if £ is the neutron energy in deotron volts. The appearonoo of this reaction 
leads finally to an absorption of the slow neutrons. The experimental 
data for the eScotlve orosa4eotion for elastio scattering show ttiat in tiao 
range of fast noutroiiB apparently only small variations are proeent, Henoo, 
the scattering orosS'Seottoii of an air atom will be put equal to a constant 
average value of 1.86 • 10"*^ onu* above an energy S, , which certainly 
cannot be larger than 0.16 MeV. Under this energy on inoroose in tlio 
oroBSHKOtion determined by resonance comos in as tile large value for 
thennal neutrons shows. E^oe in elastio scattering the 1/p law is not in- 
volved, one may wbQ regard the scattering Qross-seotion as a constant up 
to at least 10 keY, amounting to ft.4 • 10"“ om." for the average air atom. 
Tlius the following simple model may be used. 


' 1.86 ■ 10-** cm.‘ for E > E» 

CTSmL * ■ 

9.4 • 10'“ cm.* for E < Eg 


and 10 keV < Bg < 160 keV. 

Naturally the assumption of tiie codstence of a transitiou point of this kind 
is a very rou^ approximation. It would be especially desirablo to study 
somewhat more thoroughly tlie r61e of tho chi^ical bond of scattering 
atoms in the Na and Oi moleoulcs. 

Here we need the free path X in the atmosphere corresponding to tho 
scattering oroBa-seotion in addition to ttie croas-Beotion itself. Since this 
depends on the air prcBSure p we introduce instead of it the quantity 



(0 
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which is independent of the preaeure) and in which h 8 Inm. signiflee the 
height of the homogoneoufl atmoephere. The quantity ^ then hu the 
dimensicaiB of a preaeiire; numerloaily 


I 


18 • 10"* atm. for S > Ej, 
2.0 • JO"* aim, for E < E^. 


( 2 ) 


3. Conseqaencee of the Dlffoslon Theory 

a) The neutrons which we obsorve in the atmoephon cannot be of ooanio 
origin, but must have boen excited as BoooDdarioB in the pnaMp* of some 
other Jdnd of (XMmio ray partidothiwigh the atmcephoro. This conohieion 
cannot be eatablishcd at the present time immediately from obBervotlona; 
howOTer, it follows from tho ^-instability of the neutron, which possoffiee 
a greater moss than a neutral hydrogen atom and honoe sliould go over 
into this form by /Mooay. The half-llfo con be obtained from the Sargent 
diagram, whioh shows it to bo of tho order of one hour. It should bo ex- 
pressly noted that tho ^ooay of tho neutron has not yet boen obsorved 
eKperimcmtally sinoo tho intorootlon of noutrons with tho atomic nuclei of 
the exporimontol apparatus is always so strong tluit tiio lumirons vanish 
long b^oro they reach such an oga 

b) It will, ihoroforo, bo assumcMl tlmb a Kouroo of doflnito but unknown 
atrattgth for noutrons must be nscribod to tho atmosphere. We will oon- 
sidor the fate of tlio nuutn)ns originating in tlio atmosphere during a abort 
time interval at 1 - 0. Thoir doiwity at llio moment of thmr formation is 
naturally pruixirUomil to tho Htrongth of tlio source; lot it Ixj pt(p), in which 
tho air prowum p is iiitroflucod as a mil lalilo varioblo in place of llic elevation 
a 

Tho noutruiiH now umlorgo a slojipiiig pmcom in which thoir vdooity 
drops from on initiiU viUiio v, (oiiorgj'^ ^n). The momontary vdodty p 
(energy E) of a iiiHilron is, thcroforn, on the avorngo a fimotion of the 
number r of olasUo (collisions whioli it 1ms niado sinoo tho timo of its fonna- 
tton, os woll ns of tlio initial velocity t^o, which in tiiis paragraph is osumed 
tho samo for all neutrons. It will prove to ho oxpodient to introduce this 
cdlision number into the caleululioiiH ns tlio iiidoixMidoiit variable in place 
of tho time; tho two are rolatod by tho ixiimtion 

!!(!i 

dl X- 

or, linae, nooording to oqunliun (1), X = A • l(?)/p, 


dl-- dr 


PK”)' 


( 8 ) 
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S. FlOgoi; 


GUnoe thla oondltkm hos only a statistioal meanlngi Ita tatroduotian implloe 
an appioxlmationi which, however, Bhould give rise to no appreciable error 
in the solution of our problem. 

BesldoB the stopping prooeBs the neutrons experience a change of position 
throuf^ This is governed by the diffusion equation 

?£ - 

dt S\ d»/‘ 

Here the diffusicm ooeifioient D, according to the Idnetlo theory of gases, Is 

thus, in our problem, it is by lu) means a canstant but depends upon p (or 
upon f) as well as on r (or on the time). 

We win now mahe a transformation from tiie variables t and s to the 
new variables v and p with the help the equations 

di-^^dv and p - pos“''*, (4) 

The first equation is a consequence of the stopping theory, and the other 
is but the barometrLo heq^t formula for an isothermal atmosphere. Thon 

flt“ hifrjar as" “hap’ 

BO that the difloaimi equation beoomes 


h«r)9> 


or In reduodd form 


df 8 ^ ^ a?‘ 


c) If we measure p in atmoepherea and put po «° 1, then the positions 
p 0 and p 1 are the upper and lower limits^ the atmoephcro. Bosldce 
the Initial condition p ~ p«^) for v » 0 we also have to formulate boundary 
oondltlons for both of these places before we can carry through the inte- 
gration the diffusion equation (6). 

Of these the one for the upper limit of the atmosphere Is immedlatel:^' 
apparent: Since neutrons whi^ reach the boundary can wandor off to 
infinity, at that point p * 0. It is muoh more difficult to make a statomonl 
about the lower boundary. The neutrons penetrate into the rooks or InU 
sea water wheLu they are partly absoibed according to unknown laws bu' 
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can be partly reflected witii diminished velocity. Practioally nothing 
can be said, therefore, about what takes place in tho layors near the ground. 
A thorough discuaeion of what happens over an extended water eurface ia 
carried through in the work of Betho, ICorfl and Plaosek. We shall aasume 
for the purpose of our calculation that the subetanoce of the earth’s eurface 
absorb neutrons strongly, and vm will put p ■■ 0 for p — 1. 

'Phe solution of the diSerontial equation (5) tinder these oonditions can 
be put in the form of a Fourier series which is given by a extension of 
the dasedcol theory of dUTusion on account of the depeudonoo of the panv* 
meter I on tho variable i^: 

pW “ A, sb nwp fl * * (6) 

■-1 

where the Fourior oooffloients, A., determmed from the mitial condition 
p(0) - p#, aro 

A. - 2 / dppe(p)8bnip. P) 

d) In order to caloulato tho btegral / l{v)*dp, it is nooossary to know I 

Jo 

not only as a function of energy, oooordbg to equation (2), but also as a 
function of the number of collisious v. Hero we must mveetlgato the stop- 
ping process somewhat more closely. Wo can say with a t'other good 
approximation, that m an elastic collisi<Hi a neutron of onergy .S, when 
colliding with on atom of mass iif(exproBscd as a multiple of the neutron 
mass, or Jl/ »• atomic weight) loSos on tho average an amount of onergy 


Hence 


iji - B. 


T, " Itf + i"- 

With tho help of this relation wo con convert the above btegral to the eneigy 
scab b which I is given by equation (1). Thus wo obtam 

If we put M B 14.0 os tlie mean value for ur then, m the case B < Est we 
get for tho exponent of equation (6) 

I »V j’ M’* » n'lC-’IssSO log + 174 log (0) 
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8. FiiOacni; 


e) We now aak how long and to what final energy doee the stopping 
prooesa persist before it is terminated in the absorption of the neutron in a 
“W(n,p) prooeea For this wo can use the following formula: The fraction 
of neutrons of an Initial oneigy B, which attain the energy Et without 
OE^ture, is 

“p(" C ;r.:'+a^ r^)' • 

where dJS is the eneirgy loss for each elastic collision, (r.^t ^ tho effective 
oross-seotion for elastic collisions, and is the concurrent (n,p) cross- 
section. With the help of equation (8), one obtains for the integral, 
noe^eoting in the denominator, 


Af + 1 f'* £s^ ^ M + 1 r 0.16 ^ _ 0.260 

2 Jm. <r.«* " 2 Jm, (S)* . 0.4 ® “ (J?0* ’ ^ 

Thus, the energy Ei is attained by thefraotion g-" *'* of the neutrons, 

or theiie is attained an oneigy 

- 1 O.fi 0.2 0.1 0.06 0.02 0.01 oV 

by 77% 69% 66% 48% 30% 16% 7% 

of all neutrons. In particular, the number of natrons is reduced to 1/c 
of its original value for » 0.07 eV. Thus, the neutrons in the atmos- 
phere do not quite reach thermal equilibrium; they become absorbed boforo 
they reaoh thermal energy. For an approximate description of tlio diffusion 
process it is euffiment to assume that ^ neutrons are absorbed at the hoiuo 
energy of 0.07 eV. or at a velocity of Vt — 3.7 • 10* om./sec. 

By means of the stopping thooiy we can, at least approximately, evalu- 
ate the time which dapses .between the formation and the absorption of a 
neutron. From equation (8) and (8b) it follows that 


Jo pv(v) ' J,, p V 


If one now defines p as the mean pressure within the region traversed by 
the neutron during its slowing down, then for Vi « Vs <SC Pq and uith tlio use 
of equation (1) wo get with good approximation 


or in numbers 


P *>1 


0.086 

T ™ — Z“BCC, 

P 


where p is measured in atmospheres. 
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The mean life, in general, amounts to a few tenths of a SGoond, and it 
inoreasoB to about 1 sea only for p 0.1 aUn. Compared to the half value 
time of the neutron for fi-decsBiy of about 1 hour, this is such a short time 
that any notable iniluenoo of ^ j^mstabllity (somewhat analogous to 
the meson) cannot come into the picture for the eoamio ray neutrons. In 
particular, it follows from this that the protons observed in the cosmio rays 
are certainly not formed from the neutrons but are either of primary origin 
or are formed by a process analogous to that by whioh tho neutrons them- 
selves are formed. 

f) We can now got a firmer grasp on the question of the diffusion disUibu- 
tion. Since all measurements of neutrons have been mode with the holp of 
the .fi(n,a)^eaotion, we observe tho neutrons only when they have reached 
the absorption range, tiiat is, neutrons whioh already have the ago r. In 
equation (0) we con then put the final energy B 0.07 oY. Tho value of 
Eb is difficult to give; it must lie between 10 and 160 keV. Since a more 
preoiBe value is not possible, eM further calculations will bo carried thnxigh 
for the two extrema assumptions, whore the equations deslgnatod by a) 
are for Eb »= 10 keV and those with b) are tor Eb * 160 koV. Tlie numei'- 
ioal vahio for tho exponential factor of oquation (0) is 

oxp (-»V • I fd») = . o.96(r’ (13a) 

- . o.osa”. (18b) 

Wo now Avrito R instood of for tho initial energy and meaHuro it in MoV. 

4. The Neutron Distribution in the Atmosphere 

To coloulato tho Fourier coeffioionte A , wo have to make postulates about 
the sourco strength, or, in other words, about tho radiation whioh axoites 
tho neutrons, and about tho oxoitation proooes itself. Since in the grootoi' 
expanse of tho atmosphoro an exponential dooreaso of neutron intensity is 
obsorved with increasing air pressure, it is plausiblo to try assigning to the 
primary radiation a uniform exponential dooreaso while it penetrates the 
atmosphere, 'riion po ~ In whioh wo should put p « 7. 

Furthermore, wo must moko assumptions about the primary energy of 
the excited neutrons. Wo now know of one neutron excitation pitKiesa 
which is observed in tho atmosphere, namely, tho Blau-Wambaohor "stare’ ' 
which wcic tho Bubjoeb of tho procoding chapter, There wo saw that tiioir 
moreoAC with olovation ngreos well with tho assumed incrooso of the number 
of noutrons present, for tlic frequency of tho stars inoreasoB with olovation 
as c"’'. 



8* Fl'Oo^di: 


We know a little about the energy distribution hi the stan. Two groups 
of emitted paiiioleB (protons and neutrons) are to bo distinguiahed, on 
energetlo group oansisting of those partiolea which are stniok dirootly by 
the primary ray and are ejected from the nuolous, and a low energy group 
of particles which are evirated from the nuolous after its exaltation. The 
observed distribution* can bo beet represented by the following superposi- 
tion of two auoh distribution funotioDs: 


N(E)dB 




N{E)dE is the number of neutrons exdted with an energy between E and 
i? + diS; the oonstants have the numerical values: 

a ^ 0.178; 6 «- 6.16 (both b arbitrary intensity units); a = 0.08 MeV"* 
(ooiTesponding to a half value breadth of the fr-funotion of 8.6 MeV) and 
“ 0.86 MeV"^ (oomsponding to a half value breadth of 2,0 MeV). We 
can then base our disouasion on the statement: 

Pto(p) - (14) 

if we make the hypothesis that all neutrons are excited in the atmosphere 
by a primary radiation in Blau-W ambaoher prooessee. 

Introducing this statement into equation (7), the integration over p gives 


J a"" si 


am nap 


M* + nV 


Smoe /I H 7 the second term in tiie numerator will bo omitted througliout 
Thus one finally gets 




tsin mrp J* + be~^^)dB X 


X 0.96(r’^®*“"*"*. J 

If the number 0.082 is used instead of 0.060 this formula goes over into 
(16b), The integrals which still remain in these equations can all bo re- 
duced to the Euler integral: 

(16) 

^Tliii distribution dlffen from the ono by Baqos by the factor S which was 
tntroduoed since one muet Buppose for theoretical reasons that the probablUty of 
evaporation will approaoh lero os fi 0. To be sure, the experimental dietiibutlon 
function should have its maximum at a lower energy than Ls hero usumod. 
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With this we finally obtain 




X o.flaofT "^^ 

L a 


- 0.00882n‘) 


(1 - 0.00832n^ 

^a-o.ooana* 




smnvTi 



and by replaoiiig 0.900 by 0.982 wo again get the oorrasponding equation 
(17b). Theee Fourier eeriee ut}, morooivor, Bemiroonyergent; for aa Boon as 
0.00882n* > 2, orn > 16, the integral (16) no longer oonvorgeB. The factor 
of the 16th toim ia, however, ah*eady very amall and need not be oonaidered 
further. Numorioally, wo get tho two following Fourior equations: 


forJ?« = lOkoV: 

p(p) mm 8.64 ainirp + 4,10 trin 2»|) + 2.96 sin Srp 
+ 1.791 ain 4irp 4- 0.946 ain 6in? + 0.466 efai 6»p 
+ 0.199 ain 7 tp + 0.081 dn Sip + 0.031 sin 9irp 
+ 0.011 Bin lOwp + 0.004 aiu llirp + 0.001 sin 12irp 


(18a) 
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& FlSqoh: 


andforfs - ISOkoV: 

p(p) ■■ 4,26 flin Tf -f* 6.16 siii 2wp + 4.19 sin Sxp 
+ 2.60 sin ^rp + 1.910 sin 6rp + 1.186 sin Orp 
+ 0.090 sin 7»p + 0.393 sin Srp + 0.220 sin Orp 
+ 0.119 sin lOirp + 0.006 sin llip + 0.037 sin 12irp. 

In theso the arbitrary normaluation is so ohoeen that for high pressures botii 
funotionB go over ^proxiinately into 60 • Tho value of 7.07 has been 
used for p in the oomputationB. 

The two funotions are compared in Fig. 1 with the experimental points 
(the dotted line). 



5. BiscoBBioa of the Ma-rimtim of die Neutron Density 

One sees that both theoretioflJ ourves agree well towards tlie right aide 
with the observed exponential deorease, corresponding to our postulato 
(14). Tho formation of a maxinium is likowiso a neoossary consequenoe of 
the fact that the noutrons ore secondaries excited in tho atmosphere. Tho 
position of the maximum, however, does not agree at all well witli the 
observations on the stratosphere ascents. Thus for Eg « 10 koV tlio 
maximum occurs at 0.16 ntm., and for Eg « 160 keV it occurs at 0.12 atm., 
whereas, on the oontraiy, tho observatlonB still show a signihoont oxponon- 
tifj rise even at 0.08 atm, so that the attainment of a maximum can bo 
expected only at surpiisingly low proasures. 

The disoreponoy between our theoretioal considerations and the observa^ 
tians seems to be of a really serious nature. One might think that It is 
purely a matter of our having made false assumptions about tlie primary, 
nentron-produoiiig radiation and that there may also bo present a primary 
radiation which does not fall off exponentially with inoroosing prosBuro but 
is much more strang^ absorbed in the upper atmosphorio layers and is 
there in a positiem to supply an additional neutron Intensity displacing tho 
maximum towards smaUor pressures. This is, however, not the cose. Tho 
position of the maximum is actually determined more criti^ly by tho 
diffusion path whicli the nraitrons traverse from the moment of their 
ejeotion from a nucleus until they are again caught by another nuolous. 

even if we were to assume that we have an extremely soft primary 
radiation, which is completely absorbed in the very highest layers of tho 
atmosphere so that p,(p) is a 6-funotion, the solution of tho diffusion 
equation would give 





(19) 




KxoitjUion of Noutrona byCwnmo Raya-Dfatributlon in thfl Atmarohcw. lin 


This distribution would Imvo a maximum at the point 

p - (I / ?*)* - (l890 log I + 86 logf )* . 10 - ata„ 

as is found by mvoking equation (0). With E = 0.07 eV one obtains the 
following values. 

Witli = 1 MoV 10 MeV 

and (o) E„ « 10 koV: p = 0.001 atm. p „ q.IIO atm. 

and (b) Ea - 160 koV: p = 0.061 atm. p o.087 atm. 

One 8008 from this, in Uio first place, that otliar assumptions about tiie 
nwitron-oxciting component of tho cosmic radiation do not change the 
disoropancy and, Boooud, tlmt a variation of the primary energy of tho 
oxoitcd neutrons also offocts no ossiHitini improvement in the sitaatloD. 
For tliGse reasons any olmn^ in tho nuolGar-physioal postulates above an 
energy of 1 MoV aro practically witliout signlfioanoa as regards this ques- 
tion. 

After their energy UnMnnes less tlian Eg tho neutrons, because of the 
tnorcaMMl HcatU^ring croKs-Hcction, cannot change their position iq>preoiably; 
tho dilTuHion |uith, ihereforo, (ionsists largely of tiie path travel^ during 
tho slowing down from Eo U) Eg. A aignificant reduction of this limgtb is 
thus only ixwHible if Eo is reduced nearly to Ea> The above numerical 
values show that tluj initijil energy would have to be reduced to a few 100 
IcoV, a Hituation wliieli is very improlioble from the nuclear physios point 
of view. 

Even tliougli llio nueloar physics data wliich wo havo used may be quite 
uncertain, one gc'ts tlie impression tiiat oven considorablo alterotians In 
timso would not tvITonl a solution to tlio dilficultios. But one should stilt 
consider, as a last |M)SHil)ility, whctlier our assumption on the chemical 
consUtulion of llie atmosplinro is valid. In fact, at a hei^t of 20 km,, 
(p = 0.056 aUn.) the ratio between Ni and Os is displaced from its ground 
vahin of 78. 1 : 20.0 to alxnit 85 : 15.* A noticeable onriohment of Ht and 
Ho should not ycit bo pHwiMit Hinco tluj elastic scattering oroaB-sections of 
niln)g(ui luid of oxygiMi an^ nob (wsentlally different at onergieB above Eg, 
this dispIiwtiQuent eiuuioL elitutgn Ihiitfp mucli; ovon below Eg this only 
means an iiienMwi of tlio mean wiatteriiig oross-seotion from 0.2 • 10"** cm.* 
ix»r air atom on the gitnuid to 9.7 ■ 10“’* cm.’ (Our calculations have been 
boHod uiKHi 9.4 • 10"** cm.). 

•'riiiH wfsild trim la tho wiso <jf HCTtiUnrJiUnn few oaoh oompoaent ouoordlnfl to tho 
iMiroDwtrio hoiffhl rdriiiiiln. Howover, moloonilnfcidis incline to the usimptton thit in 
ihOHO (Uliludoe eamplolo n)ixiiig ntill iimvoila ami tho oomUlution of the ab ia tho aame 
as on tho ground. Cf. U. Phnnuork, Molonr. Z 68 (liHl} 1, 103. 
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The piresGaoe of water vapor in the lower atmoepherio layers implies a 
reduotion of the diffusion disbanoe because of the much more rapid slowing 
down. Hiat, hofwever, does not ohange the form of the distribution ourve, 
sinee the exponentisJ. decrease in the lower layers is independent of the 
diffiirion dLstanoe and. is determined by the absorption of the primaiy radia- 
iian as long as the diffusion distance is so gmaJl that no very considerable 
ohange of the neutron density p(p) takes place over an interval of the order 
of magnitude of the diffusion distance. That la the oaso In the example 
whieh we have worked out and is naturally all the more oorreot If a mixture 
of water vapor shortoiH the diffusion distance still further. In the upper 
at mospher e, however, where this shortening could be of use to us, we have 
good reasons to assume that no water vapor is present. 




GEOMAGNETIC EFFECTS 

15. COSMIC RAYS AND THE MAGNETIC FIELD 
OF THE EARTH 

By J. MiBDtNiin, Aachen 

1. Statement of the Problem 

The Intmeity of ooemio radiation ia not the Bame over the whole BUifaoe 
of the eartii. As Clay has discovered, it shows a deOnite correlation with 
the geomagnotio latitude; it varies only sU^^tly along the geomagnetlo 
equator. From this the conclusion is to be drawn that the magnetio Md 
of the earth exerts on influence on oosmlo radiation and that can be the 
cose only if it consists at loast in port, of eleotrioally charged particles. 

In order to compute the intousity of tlie ooemio radiation at various points 
on tlu) oartli’s surface, one must have information about four thin g R , 

1. The magnetic field of the earth. 

2. The directional distribution of cosmic radiation in extomal space. 

3. The composition of cosmic radiation in oxtomal spooe. 

4. Tho onorgy distribution of cosmic radiation In external spaoa 

The magnetic field of tho oorth can be roprosentod with good ^proxuna* 
tion os tiio field of a dipolo witli tlio moment M » 8.1 < 10“ gauss cm.* 
It is alioiit 840 km. from tlio center of the earth in T* north geogn^hio 
latitude and 100° west goographio kmgitudo. Its direction runs from the 
magnotio south polo in tho northom homisphoro to tho mognotio north pole 
in the soutliom homispliero. 

Tho directional distribution of ooemio radiation in external space can be 
assumed os isotropic. According to all previous experience that Is a useful 
woridng hypothesis. 

No special assumptions will bo made at first about tho composition of the 
ooemio radiation and tho energy distribution of its components. 

Under these assumptions tho following mathomatioal problem con now 
bo stated. With a given composition and onorgy distribution in external 
space wluit are the composition and energy distribution (and thus the 
intensity) of cosmic radiation as it is incident from a definite direction on a 
definite point of tho earth’s surfaoo? 

From comparison of tho solution of this problem with measurements of 
ooemio radiation at the earth’s surfaoo and in the atmosphore, oonohislons 
eon be drawn about the oharaoterlstioa of ooemio radiation in extenial space. 
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2. Application ol liouvllle'B Theorem 

Here we nhAll consider only ono component of cosmio radiation and of 
this only one aegment of tho enorgy spootrum between the energLee S and 
B + dSoi with vdocitioe between v and ® + dy. The number of partlolos 
in a volume element dxdyds with velodtiee between v and v + &nd with 
Erection of motion in tho solid angle dO is 

I • dxdydMdvdSl, (1) 

The factor / is a moasm'o of tho intensity at tho position xyt in tho solid 
an^ do. In external space /, according to our aasiunptlon} is indopendoit 
of direction and position. It can bo shown tiien tiiat within the region of 
the earth's magnetic flold the same is true at every place imd In every 
direction In which XHurtiolee of the given kind and velocity can occur at all. 
The proof rests upon a di^t modifloation of Liouville’s Theorem of sta^ 
tistlckl mochanica (Fermi and Rossi (F 2); Swann (8 24)). Tho equations 
of motion for a particle of kmotic mass m and charge e, (measured in deotro- 
static units) in a magtwtio field H (in gauss) are 

y.J (3) 

r is the radius vector with components a;,v,s. Tho scalar value of tho veloc- 
ity and hence the Idnetio mass remain constant during tho motion in a 
TDj^etio field. Therofore 

'*-*■ «« 

From this it follows that 


dv, do, dv,^ dy^ dM ^ 


(4) 


If we introduce a six dimensional position-vdooity space with the cooiv 
dinata (in the usual liouville theorem a phase spaco is used 

instead of this), then (4) implies that the divergence of the six dimensional 
velocity vector with components vaiUBhoe and that, therefore, 

the flow govemod by the equations of motion (3) is inoompresslblo in the 
posltion-velooity spaco. Moreover, since dxdydidvdSlj except for a constant 
factor s', is exactly the siie of an elementary odl in position-vdooity spaco, 
this remains oonstant during the flow, and the intensity is always the same 
wherever the flow goes. 

It reoQwinB only to investigate where the flow goes, namely to what ix)ints 
and fron iriiai directions (or with what vdodty components y»,Vv,y.) 
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particlefl of velocity v can arrive at a givoi obeervation point x,yj» from 
external apace or fr^ infinity. One ifl therefore concerned with the determi- 
nation of thoee orbita deacribcd by the equatione of motion (8) whioh arrive 
at the obeervation point from in^ty. 

In connection with tho theory of the aurora thia problem was Ihorou^ily 
studied by Stflnner. Tlie calciilations were extended for the epeoial purpoaos 
of coemio ray inveetigntionH by Stfirraor and, partioularly, by Lemaitre, 
Vallarta, and tlieir coworkoie. 


3. The Equations of Motion in the Magnetic Field of the Barth 

After tho magnetic field of the dipole is msertod in the oquations of 
motion (8), they can Im put in a form In which the phyricol quantitiee 3f, 
m,Bfi and t no longer appear explicitly. To this end the aro length 8 » 
is introduced mstciul of the timo ns indopoudimt variable, and the Interval 



is choeon ns tho unit of loiigtli. 'lliis will l)o designated os tho SMrmer unit 
of length or OH 1 Htfirmor. I'lic upper sign is for use \vith positive partloloB 
nod the lower sign witli negivtivo i>articlcs. TIuh unit of length is different 
for each velocity or energy; sintw, in tlic enso of rosmic ray particles, we 
generally have to deal with vdociUos near tlio velocity of light tlio unit of 
length is almost invorKoly pro]K)rtU)nal to the square root of tho Idnotio 
muss m or of the energy wic* of Uio ijortiolo. 

If i)olar coordinates’ r,,X,^ arc introduced (fi = diatnneo from tlio raag- 
notio center of tho cnrtli indisurod in HUiimera; X geomagnetic latitude, 
podtivo north of tho geomngnotle CKiuntor, ^ = geomagnetic longitude 
inoroanlng from oast U) west) Uien the equations of motion referred to the 
arc length s instead of tlu^ timo imd t<j stfirmor units of length arc 


-j “ r,«»4*X 


\f/f/ 


wia*X ^ . 
fM/ “ d« ' 


(f\ . ^fh,f/X . . . . /dpV _2HinXooeXdit>. 

2 rfTJfe + ^ 3 ^ 


(’•' i) 


d/coH*: 
M fi 


Two integrals eim be ol)lAin«I immediately. From (8) it fdlows that 
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The odnstant of integration 71 is proportional to iJie oomponont of 
angular momentum parallel to the magnetio moment of tha earth at 
infinite partiole distanoe. It can aaeume all valuee between -- <0 and + <» , 
The ooneenratian of energy givoe the integral 



The ri^t side of the equation ie unity ainoe wo are diSerentiating ^vith 
reepeot to the are a instead of the time, d^/ds can be eliminated from the 
equations (6), (7), (9) and (10). Then we have a system of two differential 
equatione and the aooompanying energy integral for the coordinates ri and 
If these ore integrotod, ^Miomponent of tho motion is given by (0). 
'nmSj the motion in the field of a magnetio dipole is separated into tho 
motion in the meridian plane and the motion of the meridian piano about 
the dipole bxIb. 

For numeriool oaleulations it is convenient to portray the meridian plane 
in a plane with the rectangulai* coordinates x,\ with reepeot to which the 
angles are undistorted and in which x is defined for positive 71, according 
to StOrmer, by 

27ir, « (II) 

As a new independent variable, ir is chosen and defined by (27,)‘d8 - 

The equations of motion in x and X ore now 


d*x ifl? 

1 ap 

(12) 

5? 2 ax ’ 

d? “ 2«X'. 

where 



P(x,X) ■ oe^ — ^0"* 006 X 


(18) 

The energy Integral is 




- P(*,X) - 0. 

(14) 


The equations (12) can thus be interpreted as the equations of motion 
of a partiole of mass 2 imder the infhienoe of a oonservativo force with the 
potential — P(x,X) in a plane with reotangulor coordinates x,X, Tho total 
energy (rf this motion, according to (14), however, Is not arbitrary but has 
the fixed value loro. Prom tho contour diagram ^ the function P one con 
get an ^xproxhnate idea of tho course of tho motion in the meridian piano 
(of. Fig. 2) .* 

*The motion ilio tak« plaos in tbo meridian plane aa thou^ a oonwrvatlvo force 
were aoUng In It. Contour dUgnuiH of the potentiala oorreBponding to varioin yaluoa 
of fi may be foond in SrOBinu popen (S SO). 
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If X and X are known as funotioDB of a, or a, then the direotion of the orbit 
in space is also given. The angle 0 , which the trajeotoiy in spaoo makes 
with Uie meridian plane, will be regarded as positive if the oibit passes 
through the meridian plane in the direotion of increasing thus, sm 0 is 
equal to the fHxnnponent of a unit vector in the direotion of the velodiy, 
or, according to (0) and (11), 

±Bin«-±r.ooexf (IB) 

If 17 is tho an^e which the orbit in the meridian plane makes with tiie 
radius drawn to the center of the earth, then 

, dX dX 

4 . The StSrmer Coos 

A point on the orbit and tlie tangent at that point are given by the 
ooordinatGe ri,X,^ and by the angles 0 and if. For obeervation points on the 
surface of tho earth them quontitiee are dcsigaated by riQ,Xo,9>o,0«,i]b. If r» 
is tho radius of tho earth in cms. then from (6) 



Since ro,fl,Af and tho rest mass of tho particle aro all prsvioudy known 
quantitioe, then rio, tho magnitude of the earth’s radius in stOrmers, is a 
measure of the energy of tho particle. For vdodties near the velocity d 
light fio is noariy proportional to tho root of the partiolo eno^. Table I 
gives this relation between Tiq and the energy for eleotrans, protons and 
o-particlcB (from Lemaitro and Vallarta (L 6)). 

We now omisider the orbits belonging to a fixed value of 71, They oan 
fill only that part of tho meridian plane for which P ^ 0, or j sin 0 1 ^ 1. 
Fig. 1 shows the cutvcb P - 0 in tho », X-plane for various values of fi 
botwoen 0.78864 and 1 . For negative X tiie diagram is the mirror image of 
Hg. 1 about tho line X = 0 . For 71 < 1 tho region allowed for the orbits 
is siraply connected, for 71 > 1 thoro aro two allowed regions separated from 
each otiior. For 71 = 1 tho t\yo regions havo just one point in common at 
X - 0 . 093 , X - 0 . 





TnUo 1. 


fio 

Klnotio energy in BilUoii o-vidts for 

eteotrona 

protons 

o-partioka 

0.1 

0.690 

0.173 

0.184 

0.2 

3.88 

1.02 

2.81 

0.3 

6.86 

4.40 

7.60 

0.4 

0.54 

8.61 

16.64 

0.6 

14.0 

14.0 

30.26 

o.e 

21.6 

20.6 

80.38' 

0.7 

30.1 

28.2 

64.0 

0.8 

88.2 

37.2 

72.6 

0.0 

48.8 

47.8 

02.7 

1.0 

60.0 

68.6 

116.3 


For one of the aUowed regions ri < 1, and for the other > I. An orbit 
which ocHnee from infinity wilii Ti > 1 can roach no pointa witii fi < 1 ; 
hence partioleB whoeo energy oorroepondB to rio < 1 cannot reach the mir- 
fooe of the earth from intinity. Tho oritlo&i value 71 — 1 oorrespondB, at a 
given obeeivation point rte,Xoi acooixling to (16), to all directions with tiie 
critical angle 6c, or to a circular cone mth axis peipondioular to the meridian 
plane. Hierefore, into this oiroular cone, with angle of opening deponding 



Figure 1. Curw P " 0, iuiior stable aod outer unatable poriodto orbits for vorioim 
Ttlues of 7i (aocording to BAftoe, Ubibh, and LufHonm (B 6)). 
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upon the obBervntlon point, no pftrtiolee con Bucoood in arriving from infinity. 
It ia dcfflgnatod br the Stflraior cone (StSrmor (S 20)). The foihiddai 
dlreotiona ivro in tiie ooHt for positive particles Bud in the west for negative. 

The left branch of the curve P 0, which cuts the equator perpendiou- 
lariy, backs off m the x, X-plane towards smaller values of x a 87 i diminishes, 
or, conversely, towards huger values of ri if one transfoims from a to ri by 
moans of (11), Tlio branch of the curve P — 0 for 7 i " 1, therefore, con- 
stitutes an absolute lower limit of ri for particles coming from infinity. The 
corresponding energies for electrons, protons, and o-particles are listed in 
table 2 Bs calculated from oquation (17). According to this, for example, 
no protons from infinity can succeed in reaching the earth’s surface in 
geomagnetic latitude 30® if their mergy is loss than 6.2 • 10* eV. This 
lower limit can, in gouonU, bo more precisely defined for definite direotions 
of observation. 


Tiible2. 


X. 

Tu 

JU)wor limit of klnotio eaorg^ in ICF o-volts for 

deotrone 

protom 

ae-pnrtieloB 

0* 

0.414 

10.2 

0.80 ' 

-17.0 

10« 

0.404 

0.73 

8.81 

16.0 

20* 

0.876 

8.88 

7.48 1 

18.4 

80* 

0.328 

0.41 

6.28 1 

0.00 

40® 

0.260 

4.22 

3,37 

6.48 

60® 

0.104 

2,24 

1.40 

2.10 

00® 

0.121 

0.K7 

0.24 

0.80 

70® 

0.06K 

0.20 

0.021 

0.021 

HO® 

0.014 

0.011 

0,72. 10"* 

0.73. 10“* 

00® 

1 0.000 

0 

0 

0 


5. Oeneral ProportlM of the Orbits 

If nothing is said to the contrary, all of the foUowing discussion is oon- 
comed with motion in the meridian plane, or in the :t, X-plane. The 
orbits can bo traced in botli directions, (a statement which does not apply 
to the spatial orbits), slnco the oqiiations of motion (12) ore not alter^ if 
— v is substituted for a. Instead of speaking of orbits which oome from 
infinity and pass through the point of observation, one can, thorofore, 
speak about orbits wliich go out from the point of observation to infinity. 

The equations of motion (12) appear not to bo integrabio in closed form. 
For their treatment there has been rocourso to general theorems (Schremp 
(B 13))j to 8ori(3B expansions (Dahoe (B 2, 4, 6); Bouckaort (B 81), Godart 
(G 6, 8)j Lomaitro (L 4); Lemaltre and Vallo^ (L 7); Schromp (8 14); 
Stfirmer (S 21); Yong-Li (Y 1) aiul to numerical mothi^ (Hutner (H 14, 
16); Lomaitre and Vallarta (L 8, 9); Schromp (S 14); Stfirmer (8 21)). 









In onler to give on inflight iato the poBsible types of orbits the ooutour 
/iift gFftTn of Fig. 2 for Yi ■“ 0.89 will first be mentioned. Along the line 
P — offliat, the Idnetio energy of the two dimensional motion in the meridian 
pip nn ig equal to P. ^Hie relief of the potential energy —P, corresponding 
to tiie (xmtour lines, is very flat over a relatively large region around fi = 
0.09 (x >> 0 . 2 ). (the function has a fiat mfljrimnm of amount 0.1168 at 
X « 0,204, X ** 0; the maximum vanishes for 7 , < 0.8774). For x < —0.28 
the allowed region with P ^ 0 oonsists, in rdief, of two grooves becoming 



ever narrower towaoxls the left and sloping gently towards tho right wid, 
with diminishing x, extending into greater and greater latitudes. For 
larger values of x of about 0.6 and greatei', an exponential variation of tlie 
relief begms; the term as** in (18) is responsible for thia- 
Since the unit in which is measured (the lero point of the x coordinate) 
depends on the partiole oiergy, the position of the earth's surface in thia 
diagram according to (17) also depends upon the partiole energy. Tlie 
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shadow. In tho oase cl a large number of oeoillatlona rather mnAll dlfler- 
onoee in the initial diteotion can lead to very different orbital poeitiona. As a 
oloeer inveetigatton showB, tliis means that there la a seriee of direotlonal 
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veglona within whioh tho orblta axtoid to infinity without interseoting the 
earth; between theee lie other direotional regions forbidden by the shadow 
efieot of the earth. There are also cnbita vdiioh do not exte^ to infinity 
at all; to theee belong the periodic orbits (of. Fig. 1) and suoh orbits as start 
out from the position of obeorvation and appro^ asymptotically to a 
poriodio orbit (of. Hg, 4).— 'An orbit which starts out from — —0.84 
towards the right will first follow the groove and oan thon exeouto a seiiee 
of oeoillationB in the fiat region aroand x » 0 . 2 ; but here it turns out that 
only for a fow initiai dirootions \vill tlie orbit get back into the groove and 
return to x < —0.84, thus intersecting tho earth, before it again runs out ‘ 
along the groove. lu general, the orbit will find Its way to infinity before it 
does this. The smaller the energy of tho particle, the farther to tho left 
the earth’s surfaoe is to bo taken, and the more rarely will the orbit find its 
Avay back. Sinoe with dimitushing Xo the groove extends to ever greater 
latitudes, this implies that in hiid^ latitudes nearly all dh’ootionH are allowed, 
and praotioaJly the only forbidden directions lie within the simplo shadow 
cone (see below). 

For smaller 7 i ihxi ooeffioient a in (13) becomes greater, and this means 
that tho region of the sharp slope of the relief extends more and more to tho 
loft. For 7 i < 0.78864 there ore no oscUlatlona’ and, theroforo, no more 
perlodio orbits. In spite of this, ccortain directions still remain foibiddeil, 
e.g., all orbits which start out towards tho north near the hoiiaon from 
prnnt A (Fig. 2). As can bo seen immediately from the contour diagram, 
they will be curved towards the left and ^vUl thus intersect the earth before 
they can escape to infinity. With suoh orbits one speaks of tho simplo 
shadow effect (Sohremp (S 14)). 

A general discussion of tho orbits leads to tho following results (Scliremp 
(B 18, 14)). 

1. For rio > 1 all dii'OQtums ore allowed for any value of 71 either positive 
or negative. The intensity of cosmic radiation for the corresponding 
energies (of. table 1 ) is tho same in all direotions at the place of observation 
and oquiil to that in external siwce. It is thoroforo insensitive to tho 
magnetic field. 

2. For Txo < 1 all dii-ectionH in the HWinner none, i.o. with ri > h are 
forbidden. 

8 . For r,o < 1 hU dii^ctions witli — « < 7 i < r^o mtj allowed and tlio 
appropriate value of Is to be calculated from (15). 

4. For r?« < 7 i < 0.78864 only the simple shadow cone comes into 

*For tho gBDoral duoutslon of orbits from tbo iop(dof;loal point of view It k oon- 
voniont to introduoo tho eotieopt of tho niinibor of ouellliUiona. A section of im orbit at 
both onds of which tlio kinotio onergj’ la ft ndniinum in dcaignalwl an an nneiilatlon or n 
rcontrftnt orliltal oeotinn (Bohuhup (S 13) ). 




170 


J. Mvaama: 


oonaiderotlcHL Tlie direotionfl forbidden by it and by the StOrmer oono 
have been given by Bohiemp (S 14) for all latitudes and energies 
6. The most oompHeated bdiavior oeoura for ri« < (7O* tbe region 
0.788M < 7i <: 1. 

This is already shown in 1 and 8. But even in this range of n all 
orbits finin the observation point lead out to infinity except for a quanti- 
tatiyely inaignifioant group; where as for yi < 0.788M there are no oeoilla^ 
tions, tiieao oan take plaoe any large nymber of times for 0.78864 <7i < 1. 
thus bringing about a oomplioated shadow ofFeoL 



Tlcuro 6. Sebsmatio diagram of aEowod and forUdden dlrectkuv. 


Por the purpose of displi^Ting the allowed and foibidden direotioiiB for 
any given point of observation, one oan plot the quantities sin 69 and 
006 00 sin for eaoh diieotion in a reotangular coordinate system* Ihis 
diagram oan also be obtained if eaoh orbit is allowed to intersect a unit 
sphere drawn about the observation point and these points of intenootion 
are projected upon the horliontal Fig. 6 givee such a schematic 

diagram for the allowed and forbidden directional regions and Fig. 6 gives 
the oaloulated diagram for a definite case. 

The aUqwsd and forbidden rogionB are separated by oritioal directions 
or orbits; there are two kinds of these, but ^th depend upon the abadenv 
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effect of the earth. The oritioal orblte of the fliet kind atart out from the . 
point of observation, and from the inside they i^pproaoh seymptotloally 
to one of the outer periodio oihits of Big. 1 (of. Fig, 4); these outer periodic 
orbits eodst only for 0.78864 < <ri < 1 and, h contrast to the inner periodio 
oibitB, which for 0.78864 < 71 < they are unstable.' The oritloaV 
orbits of the second kind stait out from the obeorvation point, oome back 
again to the earth's surface and just touch it before ecxeouting amore or less 
large number of oscillations outride the earth and thm passing out to 
infinity. Such orislta occur for r!o < Yi < !• 



Vlgure 6. Diagram of allowod and forbidden dinotloxiB. PoaiUvD parUoleOj northern 
hon^aere. White aroa was not ooloulatad. (According to Hmnm (H 14)). 

In the Bohematio diagtam of 6 the foibidden 8t6nner cone (limit 8 Q 
Ues to the ri^i It extends to the value of 69 gtvea by equation (IQ for the 
Xc and fio of the observation point and 71 -*1. To the left is a connected 
allowed region. It is made up of the so-Kudled principal cone, reduced by the 

^Boeldefl then perlodie orUti there an also other oompUcated patterns^ dlagrame of 
Buoh are to be found in the voric of EMavim (8 20) and Hums (E 15). IfanorUtln 
the merkUan plane la periodla the three dlmnwajonal apatial orbit la, In gUKoral, not 
oioeed; orUta riowd in ipaoe were atodied by Oodabt (Q 8). 
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aegment of the aimple shAdow oone (Ihnit 8ch), which juts into it. Between 
the UmitB J7, Sctit 8i is the aoHsalied half shadow leglon or penumbra. In 
this there are an Infinite number of alternately allowed and forbidden stripe 
(of. Fig. 6); in the sobematlo diagram just one forbidden strip is shown.. 

All direotions for which the orbits go to infinity from the observation 
point without osafllatlon lie within the principal cone. In the region com- 
mon to the prinoipal oone and the simple shadow oone the orbits inteiaeot 
the earth before they go to infinity. The edge of the principal oono w 
formed of tlie oritioal orbits of the fu^ kind; that of the simiile a^ow oone 
is formed of the oritioal orbits of the second kind. The edges between al- 
bwod and forbidden strips in the half-shadow region are formed of oritioal 
orbits of the first and second kinds, respectively. The orbits belonging to 
eaoh strip all have the same number of osoillationB, The fact that there ore 
infinitely many allowed and forbidden strips is immediately connected with 
the fact that there are orbits with any number of oenillationa (infinitely 
many in tiio case of periodic orbits and those asymptotio to the periodic 
orbits) (Sohremp (S 18)). 

The computation of tlie half-ehadow regions has been carried through 
for 20® latitude by Hutmer (H 1) and for the magnetic equator by Yong-Ii 
(Yl). 

In general, the following qualitative statements can be made about the 
structure of the allowed and forbidden du-eotions. For low latitudes and 
energies in the nelidiboriiood of fio 1 all of the allowed direotions are 
reduced essentially to the prinoipal oone; the half-shadow region is almost 
daric, and the half-ehadow oone is very small. For intermediate latitudes 
arid intennodiatG energies (fH* between about 0.86 and 0.6) the structure 
is the most oomplex; in the half-shadow region the forbidden strips again 
prodcHninate over the allowed; this oan lead to large variations or a fine 
struoture in the directional distrlbutioD of ooemio rays. For large latitudes 
end small eneigLes the half-shadow region is almost light and tlie allowed 
directional region is praotioally limited by the simple shadow oone. 

integrated apeL-tures of the prinoif^ oones and. the shadow oonos for 
nil energies and latitudes have been essonbled by Koenig (K 2). 

6. The Oeomignetlc ^ect of Cosmic Radiation 

Whan the diagram of allowed and .forbidden direotions has been com- 
puted for all energies at a given observation point, one can read from it what 
energieB aiv aUowed at a given point of the diagram oorroeponding to a 
given direction of observation. In Hg. 7 the allowed energies for Xo - 20® 
are given for those direotions which are inclined 60® from the lenifch. This 
holds for positive particles; and for negative particles —0o is to be sub- 
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stltuted for 0, The lower limit of the allowed energiefl lies above no >* 0^76 
as it muet in ibis latLtudo, aooording to table 2. For direotions from north 
to west and somewhat beyond, Ihe half-shadow region is shown ae a Bories 
of allowed and forbidden energy regions beyond which, from the limit of 
the region oorresponding to the principal cone, an nnintamipted allowed 
energy spectrum comes in. 

In oitlor to obtain the incident intensity for positive particles in a 
definite direction, one m\iat integrate the sneagy speotnun j*{S) of these 
partides in esctomal space over all ^wod onoigiefi. Voq rasult of this 
integration is shown in Fig. 8 for three different aseumptions about the 



energy Hpocbiunu For the assumption ~ 5”*’*, which is suggested 
by the b^vior of the hard oomponeat In the atmoephere, jagged variations 
of the inbonBlty occur for variations of atimuth at constant lenith an£^e 
between the north and west. They are an immediate oonaequonoo of the 
eodstonce of the half-shadow regions. Such vaiiations are desigDated os 
the fino structure of cosmio ray intcaisity. Its oodstenco is confirmed by a 
series of obasrvationB (Coopei* (C 8, 9), Ribner (R 8, 4), Schremp (S 16), 
Schremp and Ribner 16)). Magnetic disturbances seem to influenoe 
these strongly O^ohremp (S 16))* Beoouso of the strong dependenoe of 
the fine structure on the sssumod energy Bpootnim, which Is ^wn In Ilg. 
8, fino fitnioture studies should bo especially suited to the deteimination of 
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tha otxBCgy apeotrum d iha primaiy partiolea ol oosmlo radiation; of flnt 
Imporianoe aro invaatigatioiiB at oonatant lenithani^aDd vai^leaalmuthi 
ainoe than tha effeot of the atmosphere on the primaiy partiolea is the sa m e 
for all dlreotions beoause of the neariy equal abeorption path for all dlieo- 
ttooB (Vallarta (V 4)).* 

Beaidea the aiimuthal eSeot mentioned, the following geomagnetio 
oEffeots of oofionio radiation are of interest: The latitude offeot, the north’' 
south aaymnietiy, the east-west aaymmetry, the longitude efifeot and the 
effect of magnetio dlstuibanoes. 

Vor^a quaUtative diaouaaion, at least for low altitudes, one oan limit him- 




self to the prlne^ cone diminished by the segment of the simple shadow 
oone '^doh juts into H. (Lemaitre and YaDarta) (L 9) have given (a) 
the prinoipgl cone for X« 0°, 20*^, 80°, and all energies, (b) the oriti^ 
energieB in these lotitu^ for the nnith ant^e 46°, and (o) the oritioal 
energieB in the Kmith direotions for all latitudes.) Tbm at each observation 
point and at each diieotion there ore a oritioal value rk(Xo, fio) of fu and a 
oorrespondingazitloal energy. Above tide aU energies are allow^ and below 
h an are forbidden. For the direotions in the north'South and in the east* 


rrhli h not flxaotir right linoft the orbite an onrred in the magnotle field. Vet 
pTOtoDB and elootrona of 10 BeV who*) patha lie in the equatorial plane, the ndioB of 
enrvntuie at tha earth's anrfaoe la aboot 1000 km and tl^ makm a dlfferenee in the 
abntption patha In an atmoiphara of 100 km tUeloMB of 14 km at 45°, and of 80 km 
at 00° lenlth antie. 
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west planee the orHioal values are ghron in Pig. 9 for the ease of podtive 
parti<^ in gecsnAgoetio latitude . Fw negaiiTe partloles the oarTes 
B and W are to be Interehangedi and for ^BXf latitude the ouryse N and S 
are to be interehanged. If the vdooity « Uasi close to the velocity of lii^t^ 
then from (17) the mitioal energy in deotron vdte is 


j,‘ - aooif*^. (U) 

The upper dgn pertains to podtive and the lower to negative particles. 
Die critical energyi besides depending on XoAiifoi also dependa on the 
magnetic mcment M BBUQb cm.*) and on the distanoe ^ cms.) of the 
observation point from the magnetic center of the earth. H the oosmio rays 
in estemal space consist of podtive particles with the energy spectrum 
of neg^ye partides wlth^(if), and of a noitral component of total 
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intenaitgr Kf then the intenaiio' in a givoi direction at the observation point 
Is given by 

; - jT j{EidE + r jmdB + K, (19) 

The goomagnetio offoot depends upon the change of the lower limit of 
these integrals when the parameters ro, Xo, 90 , and M change. 

Along the geomagnetic equator Bt changes only by the longitude varia- 
tion of fo! the geographic and the geomagnetic center of the earth do not 
coincide, j should thus have a maximum where ri is greatest at a point west 
of Africa. Along the geomagnatio equator the observed intensity has a 
period of SOCT with amplitude agreeing qualitatlvriy with the theory 
(Vallarta (V 2)). However, the maximum occurs at a point west of Sou^ 
America (Vallarta (V S)). The source of this discrepancy is to be found in 
part in the difference between the geographic and the geomagnetic lonith 
direction (Lemaitre (L 6 )); the ronainder can perhaps be explained by the 
fact that the measuroments of the longitude ^eot were in many oases of 
only short duration and could have been affected by short period magnetic 
rUs^imnoes. 

A noticeable quadrupole momoit in addition to the dipole moment seems 
not to be present in the earth. Such a momoit would give rise to a variable 
intensity along the geomagnetic equator with a period of 180°, with nodes 
coinciding with the symmetry planes of the quadrupole. A harmonic, 
Bnalysis of the Intensity variations givee a well defined 800° period of about 
4% (the longitude effect cited alx>ve) besidee weak higher harmonic func- 
tions with an amplitude of 0.1 to 0 . 8 %, but no outstanding 180° period 
(Vallarte <V 6 )). 

The various geomagnetic effects can be represented especially simply for 
the lenith direction. For example, the latitude effect according to (18) 
and ( 10 ) becomes 

^ - - 600 ^ [Tcr.) + r(s-.)) 

In the other effects the sum + f also occurs, except in the east-west 
effect, which depends upon the sign of the charge of the particle; here; — /** 
comes in. If one substitutes for the values resulting in sequence 

from the observed north-south effect, the latitude effect, the longitudo effect 
and the effect of the magnetic moment in the expression 


- 


-rm 


( 20 ) 
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Tables. 


+j~ from 


latitude 

Height of atmoepbere 
in m v'aler oqulTiIent 

NortbHiouth Mymmetr}' . . . 

o.s ± o.a 

80" 

0 m 

lAtiludo olleot 

1.10 ± O.fi 

j 30“ 

10 m HtO 

Longitude olToot 

• 1.6 

0* 

10 lu H|0 

Hj/BM 

170 

1 0" 

10 m TV) 


wherettfl, for^' ~ j~, ono HubtftltuteH the value I’ewiltiiig from the oaat-weBt 
effeoti four indepeudont deteimlimUoiu are obtained for each latitude. 
Table 8 oontalna iho results taken from Johnson’s work (J 9, 10, 11). 

The first two results are oomplotely compatlblo. Anoording to thorn, j' 
must bo essentially greater than f so that the oosmio radiation observed 
on the earth’s surfaoo behind 0 to 10 meters water oquivalecit must be 
derived in the main from positive primaries. One should not attribute too 
much Bignifioatioo to the number 4.0 resulting from the longitude effect ainoe 
in the longitude ofioot, as already pointed out, there ore otlier discrepancies 
of on unexplained origin. The value fi 170, resulting from the intensity 
variations during magnotlo stormH, has only formal slgnifieanoo; in its 
derivation it is assumed that ono con desorlbo these disturbanoes by a dipole 
field, variable in time, and this asBumptirai is certainly not oon'eot. 

Thus, whemoH the primary partioles which are responsible for the geo- 
magnetic olTects at sea level cany a prodommaiitly porftivo charge, it 
results from measurements of the geomagnetic effects at great heights 
(up to 0.38 m. HiO) in the same way that/” “ 44%, and j' ■■ 66%; that 
Is, the primary paitloles which pr^uoo the effects at great hmghts are 
positive and negative with nearly equal frequency (Johnson (J 10)). 

After invoking other oonsidemtions Johnson deduces from his results the 
following conclusions; (Johnson (J 8, 10, 12)): 

1. The hard component of cosmic relation in the atmosphere, which 
oonsiste of mesons, is oxoited by primary protons. 

2. Tlio soft component, which contributes tlie main portion of the cosmic 
rays in the upper atmoMphoro, is exoitod by eleotrons which ore ohaigod 
positivoly and negatively witli cxpiol froquenoy. They wolte oasoade show- 
ers. The field sensitive port of these electrtms with energies of less tluln 
60 BeV is completely abmrbed in the atmosphere; therefore, this compo- 
nent con have no geomagnetio effects at sea Icwel. 

3. Cosmic radiation in external space is oir the average elcotrloally neu- 
tral. That is understandable os was pointed out by Swann, inasmuch as 
gigantio potential differences would occur between relatively olosely apaood 
points in interstellar space if an appreciable fmetion of ooemic radiation 
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flhoald not be neutrelind on the average, and thla would be InoonsiHtwt 
with the observed passage of ohaiged partiolee tiuough space. 

Hie obserTatlana on the latitude effect of large diowera are worthy of 
note. Jesse and Qill (J 0) and Sobain and GUI (S 2) find a considerable 
dependence on latitude of the large showen with onargiee up to 4 • 10“ eV 
observed behind 12 cm. of load. Since sing^ charged partiolee with energies 
above 60 • 10* eV con have no latitude effect, one must conclude that either 
the primary partloles of these large showers are multiply oharged (accord- 
ing to (17) and aoooitllng to page 160 a field sensitivily of the intensity is 
not to be expected for n^fold obaiged particles for Tie > 1, or for cnergicB 
greater than n • 00 • 10* eV), or that the energy of the shower is not the 
same as the energy of the primary particle but has its origin elsewhere 
(Vallarta (V 6)). Conaideiing the fimdomental slgnifioanoe of this con- 
clusion, it would be desbrable to have the latitude effect of the large showen 
very extensively and systematioally investigated experimentally. 

7. The Worldwide Pluctuatlons of Cosmic Ray Intensity 

Worldwide fluctuations are those whidi extend over the whole surface 
of the earth. They are partly periodio and partly non-periodic. Hie}' 
may be distinguished as 

1. Non-periodic fluctuations wWoli correlate with the magnetic disturb- 
anoos or magnetic storms. 

2. Fluotuatians with a period of the solar day. 

3. Huotuations with a period of 27 days. 

. 4. Bluotuations with a period of one year. 

6. Fluotuationa with a period of one sideinal day. 

Rot the magnetio disturbances ring currents in spatially oloeed unstable 
periodio orbits seem to play a 1*016 (Godaiii (O 7, 8); Stunner (S 20)). 

Por tho fluctuations with the periods of one solar day, of 27 days, and, of 
one year, one is tempted to assume a magnetio field of the sun as the cause. 
These fluctuations might take place as the position of the magnetio field of 
the BUn with reiq>oot to the ee^ changee with the corresponding period. 
In particular, the period of 27 clays should depttid upon tho rotation of tho 
sun about its own axis. Almost no accurate information is available todo^' 
about the magnetio field of the sun. The order of magnitude should bu 
about 10 to 80 gauss at the sun’s outer surface if one uses tiie Zoeman effect 
measurements of the sdar iq) 60 tnim of Hale, Searee, Maonen and Ellennan 
(H 17). However, this magnetio field seems to fall off very rapidly with 
elevation and It can bo detected only up to afew hundred kilometers. It is, 
therefore, quostionablo whether one can count cm magnetio effects at great 
clistanoee. (of. fo^cxample Hwidbuoh der Astrophys. IV, Kap 2, p. 20). 




179 


Coemio llftyB and the Magnetio Field of the Barth. 

NeiTGrthiGless, one otm dhooM the aimpleet oase as a worichig hypothesis, 
namely, a magn^o dipole oif momfiat !From ihe existeiioe of a period 
of 27 days, one must oonolude that the direction of this dipole does not 
oohicide with the aids of rotation of the sun. 

For the motion of charged partideB one can count on the magnetio Held 
of the earth as having a sphere of influence of about 2to,000 km., beyond 
which the dipole held of the sun has the dominaiang ofPect. All omisidBr^ 
tkms hold in regard to the dipole field of the sun as were invoked regarding 
the dipole field of the earth. However, an important slmpUfioation comes 
in because the space between the earth and the sun is onp^ and thus there 
can be no shadow effeot in the dipole fidd of the sun for an observer (m the 
earth. Hence, only the direotionfl in the StOrmer oone, which is assooiated 
with the dipole field of the sun, me forbidden by the solar magnetio field. 

In the first approximation one can add to the dirootions forbidden by the 
earth’s field those forbidden by the StOrmer cone of the sedar field. In this 
way one gets the totality of the ailowod and forbidden directions. In the 
second f4>prGximation one has to tedrn account of the fact that the forbidden 
Dibits with directions lying within the StOnner oone of the solar dipole are 
deflected in the sphere of infiuenoe of the earth, lha d^eotiim is to bo 
calculated by an integration of (15) over the sphere of infiuenoe. 

The daily variations of the intenaify of oosmio radiation depend then 
upon the daily rotation of the StOimer oone of the solar dipole with respect 
to a coordinate system fixed in the point of obeervation. Ihe fluotuations 
with the period of 27 days depend upon the fluctuations of tiieheliomagnetio 
latitude ii the earth and on the ooirosponding fluctuations of the Stfirmer 
oone of the sdar dipole. The period of one year has various oauBce: One is 
the yeariy fluctuation in the earth-sun distance; another is the yearly 
fluctuation of the hefiomagnetio latitude of tiie earth in case the solar dipole 
is not porpcndioular to the plane of the eoUptio; finally, as a tidrd cause, 
there are the variations of geometric position of the Stdnner oone of the 
solar dipole with reapoot to a given point of observation. 

Carrying through the ooloulati^ of these fluctuations under the 
assumption that the magnetio field of the son can be described by a dipde, 
Vallarta and Qodart (V 0) obtained lesults in general qualitative agree- 
ment with the observed fluctuations. Clertain larger deviations can pertuqs 
be explained by the mfiuenoe of the ionosphere and by temperature effects. 

Janossy (J 1) was the first to suggest on impai1»nt result from the ' 
assumption of a magnetio dipolo field of the sun. Such a field would keep 
away from the earth all pariidee with energy undiv a oertain minimum. 

If the orbit of the earth Is not far from the heliomagnetio equator, then, 
aooording to Table 2, partidee of energy below r,, « 0.414 can not reach 
the earth. Hero r,, is to be evaluated from (17), where n is the earth-son 
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dfatanoe and la the magnetic moment of the aolar dipole. Thus there 
could be no latitude ofifeot tn thoee latitudee in which primaiy partides with 
eneigiaB leas than 0.414 are reeponsible for such an effect. Actually a lati- 
tude effect is present only between + 40® and - 40® (of, for oxamplo GUI 
(Q 4)) . According to Table 2, one can conclude from that the partlolea 
reaching the earth muat have an energy of at least 4 BeV, and if one sub- 
stitutes this value for the energy, and °> 0.414 in (17), there is obtained a 
magnedo dipole moment of the sun which yields a Md strength at the 
surface of the sun of the order of magnitude of the obeerved value. How- 
ever^ for the disappearance of the latitude offeot, there is another intorpre- 
tatlrni d^>aiding upon the foot that the low energy particles which could 
still be inoidmit in latitudee are unable to penetrate the entire atmoe- 
phere and in this way th^ fail to produce a latitude effect. Tlie fact that 
the Umit (the so-oalled knee) of the latitude effect is displaced to higher 
latitudes at great hdfiditB is also evidence favoring the latter Interpretation. 

The fluctuations in the intensity of cosmic radiation ^vith the period of 
the sidereal day were interpreted by Compton and Getting (C 6) and by 
Vallarta, Graef and Kusaka (V 8) os a rotation of the galaxy and a motion 
of tile earth resulting from it of about one thousandth the velooity of light. 
Another poeslbillty for such fluctuations would be given by magnetic 
flelds in the galactic system; iu oaae the magnetic moments of the individual 
stars are randomly oriemtod such an (^oot is not to bo expected according 
to Vallarta and Feynman (V 7). 
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